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Polychlorinated biphenyls (PCBs) are a class of synthetic organochlorines that are 
thermally stable, resistant to degradation, and persistent in the environment as a result of 
bioaccumulation and intermittent redistribution through trophic levels.  These compounds 
were sold commercially as mixtures in the twentieth century and later banned due to their 
biological toxicity.  There are 209 known PCB congeners, each with different toxicities 
and physical properties that cause a variety of adverse health effects.  Moreover, the 
effects of PCB mixtures vary with exposure concentrations, PCB congener toxicity, and 
species sensitivity.  However, limited information is available about the impact of PCBs 
on the development of the embryonic cardiovascular system. There is a major site of 
contamination along the upper Hudson River in New York; wildlife in that region have 
shown evidence of exposure to PCBs.  The purpose of this research was to determine the 
impact of embryonic exposure to a PCB mixture and a single congener, both found in the 
upper Hudson River on the developing avian cardiovascular system.  In study 1, tree 
swallow eggs (Tachycineta bicolor) were dosed with PCB 77 and incubated to hatch.  
Similarly, domestic chicken eggs (Gallus domesticus) were dosed with the PCB mixture 
at embryonic day zero and incubated to hatch in study 2.  Eggs were monitored through 
 
incubation; other measures were taken at hatch along with tissue collection.  Results 
showed that embryonic exposure to PCBs resulted in an absence of the ventricular wall 
compact layer and hypertrabeculation in tree swallow hatchlings in spite of no ef ect on 
survival.  Embryonic exposure to a PCB mixture in domestic chickens resulted in 
compact layer absence as well as additional cardiomyopathies, including absece of the 
ventricular wall trabeculated layer, ventricular chamber dilation, abnormal heart wall and 
septal formations, and arrhythmias during embryonic development.  In study 3, 
embryonic exposure to a PCB mixture was studied at Hamburger Hamilton stages 10, 16, 
and 20.  Embryonic exposure to a PCB mixture resulted in abnormal proliferation of 
cardiomyocytes early in heart development.  Dose-dependent mortality occurred in 
chicken embryos exposed to the PCB mixture.  These results support other findings 
demonstrating PCB effects on the cardiovascular system.  Further, these data howed 
dramatic adverse effects of the PCB mixture as well as a single congner found in the 
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Polychlorinated biphenyls (PCBs) are synthetic organochlorines consisting of o e 
biphenyl molecule with one to ten chlorine substitutions.  There are 209 known PCB 
congeners, which are in a variety of PCB mixtures, such as Aroclors used in industrial 
applications in the United States.  PCBs were introduced in 1929 and manufactured 
through 1976, with a total global production estimate of 13 billion pounds (Durfee et al., 
1976).  PCBs were manufactured for a variety of purposes, including use in transformer , 
capacitors, regulators and switches, motor oil, hydraulic systems oil, fluorescent light 
ballasts, cable insulation, adhesives and tapes, caulking, oil based paints, carbonless copy 
paper, plastics, and floor finish (Durfee t al., 1976).  These compounds are thermally 
stable and are resistant to degradation, making them appealing for industrial use 
(Blectchy, 1983).  In the United States, PCBs were used industrially from 1929 until their 
ban in 1979 as Aroclors, produced solely by Monsanto, and production totaled 1.25 
billion pounds (Blectchy, 1983).  Aroclors were named based on their percent 
chlorination by weight: for example, Aroclor 1254 has 54% chlorination by weight.  
Further, individual lots of the same Aroclors can contain varying congener distributions, 
thereby altering their environmental impact (Frame et al., 1996; Frame, 1997; Rushneck 
et al., 2004).  While this makes assessing the biological impact of PCB mixtures difficult, 
it does make each mixture and lot unique, affording the ability to trace environmental 
exposures to specific sites of release (Brown et al., 1984).  
In 1979, PCBs were officially banned from manufacture, processing, and 
distribution in the United States: three years after the Toxic Substances Control Act 
(TSCA) authorized the Environmental Protective Agency (EPA) to control any chemi als 
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posing potentially hazardous risks to human populations and the environment (TSCA, 
1976).  Until then, PCBs were released and distributed into the environment primarily 
through manufacture for industrial applications, some having “open system” procedures, 
which often released PCBs into waterways (USEPA, 1992a; 1992b).  Since their ban, 
PCBs have been intermittently released from deteriorating hazardous waste sites, leaks 
from industrial transformers containing PCBs, disposal of consumer products containing 
PCBs, and burning of contaminated waste in industrial incinerators (USEPA, 1992a;
1992b).  Ironically, the compound’s resilience which made them popular in the twentieh 
century is the characteristic that makes PCBs environmentally persistent today in a 
variety of locations, including surface waters and throughout natural cycling processes 
(Hoffman et al., 1996).   
The difficulty in determining the environmental impact of PCBs is related to 
structural differences between congeners and PCB compositional differences in th  
mixtures at contaminated release or exposure sites (Frame et al., 1996; Frame, 1997; 
Rushneck et al., 2004).  Generally, congeners substituted at the ortho positions (in 
relation to the biphenyl bond) cause a rotation in the molecule making the phenyl rings 
non-planar and as a rule, less biologically active.  Congeners substituted at th  me a or 
para positions generally have coplanar or planar orientations, with the phenyl rings in a 
single plane.  In most instances these compounds are more biologically active, due to 
their proposed mechanism of action (Kennedy t al., 1996; Schuur et al., 1998).  There 
are species-specific biological impacts of PCBs.  PCBs bioaccumulate in fish and 
invertebrates with little metabolic alteration of ingested congeners (Norstrom, 1988).  
Conversely, reptiles, birds, and mammals do metabolize some PCB congeners, with the 
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exception of species with blubber stores, thereby altering the patterns of congener 
exposure and ultimately biological impact (Norstrom, 1988; Carey, 1994).  Therefore, 
assessing the potential environmental impact of PCB mixtures between sites of 
contamination and across trophic levels is challenging.  It is important to study specific 
sites of exposure and individual animal species to assess the complete impact of a PCB 
exposure or contamination site. 
 
The Hudson River Superfund Site 
 The Hudson River in New York, USA is a site of PCB contamination, designated 
by the EPA as a Superfund site in need of remediation and/or restoration (USEPA, 
1992a; 1992b).  The Hudson River contamination project encompasses approximately 
200 miles of waterway, from Hudson Falls to the Battery in New York City.  The major 
area of contamination is in the Upper Hudson River (UHR) from Hudson Falls to Federal 
Dam, Troy, NY and is approximately 40 miles long.  The remaining 160 miles, from 
Federal Dam, Troy to the Battery in Manhattan is identified as the Lower Hudson River 
(LHR).  Environmental contamination along the Hudson River impacts sixteen counties 
in New York and New Jersey and has been associated with effects on resident willife 
(USEPA, 1992a; 1992b; Echols et al., 1996; Custer et al., 2010a; b; c; d).   
 In 1947, General Electric (GE) first began manufacturing capacitors at the Fort 
Edward plant on the UHR, and a second manufacturing plant was producing PCBs at 
Hudson Falls, NY within five years.   For the next few decades PCBs entered th  
waterway at these two sites, with contamination contained at the region below th  For  
Edward Dam, which blocked high concentrations of PCBs from moving downriver.  
However, when the Federal Dam at Troy was removed from the UHR in 1973 a bolus 
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release of PCBs occurred, contaminating downriver regions.  The removal of the dam 
altered the contaminated area from a few miles, to approximately 200 miles of exposed 
waterway (USEPA, 1992a; 1992b).  By 1976, studies revealing the adverse health effects 
of PCB exposure prompted the Department of Environmental Conservation to ban fishing 
along the Hudson River, which remains today.  During that same year, natural flooding 
resulted in further spread of PCBs downstream, prompting national attention and leading 
to close both manufacturing plants (Clearwater, 2011).  Unfortunately, an estimat d 1.3 
million pounds of PCBs entered the Hudson River from Fort Edward and Hudson Falls 
between 1947 and 1976 (TAMS et al., 1991).   
 Three mixtures were released from these GE plants along the Hudson River in the 
twentieth century.  From 1952 until 1955, Aroclor 1254 (54% chlorine by weight) was 
released, accounting for approximately 4% of the total PCB contamination in the Hudson 
River.  From 1955 until 1971, Aroclor 1242 (42% chlorine by weight) was released and 
determined to be the source of 90% of total detected PCB contamination.  Finally, from 
1971 until 1977, Aroclor 1016 (42% chlorine by weight) was released, accounting for 
approximately 1% of the total PCB contamination (TAMS et al., 1991).  As previously 
mentioned, Aroclor mixtures are made up of different congeners and named by percent 
chlorine by weight.  Individual lots of the same mixtures can have variable congener 
compositions, making each Aroclor lot a traceable fingerprint to the source site of 
contamination (Frame t al., 1996; Frame, 1997).  Based on soil analysis of downstream 
PCB congener profiles, concentrations, and distributions, PCB contamination of the 
Hudson River has been linked solely to the GE manufacturing plants (TAMS et al., 1991; 
ATSDR, 1997). 
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 The link between PCB contamination and GE is a milestone for environmental 
stewardship under the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA), established in 1980 by the EPA.  The purpose of CERCLA was 
to investigate claims for natural resource damage relative to injury, destruction, or loss of 
natural resources as a result of release of hazardous substances.  In essence, CERCLA 
can retroactively identify responsible parties of hazardous substance release (CERCLA, 
1980).  In the case of the UHR, CERCLA findings resulted in a Record of Decision 
(ROD) by the EPA in 2002 that required General Electric to remediate affected areas of 
the Hudson River.  Currently, the ROD calls for six miles (2.65 million cubic yards) of 
dredging to remove PCB-contaminated sediment from the riverbed in the UHR region of 
the Hudson River (USEPA ROD, 2002).  The legality of this remediation and restoration 
project is very challenging to the environmental cause, cleanup is now forty yea s beyond 
the halt in manufacture and PCB exposure continues during periods of high river flow 
and drought. The continuous, intermittent release of PCBs in the environment presents a 
constant problem for the ecosystem along the Hudson River and is a current issue of
concern to both scientists and the community. 
 
PCB mechanism of action  
 Polychlorinated biphenyls act as agonists that induce the aryl hydrocarbon 
receptor pathway to varying degrees to upregulate downstream genes in this pathway.  
The aryl hydrocarbon receptor (AhR) is a member of the basic helix-loop-helix (bHLH) 
Per-Arnt-Sim (PAS) transcription factor family (Denison and Nagy, 2003).  The
functional domains of the AhR include a DNA binding domain (bHLH region), two 
ligand-binding domains (PAS-A and PAS-B), and a glutamine rich domain, which 
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functions as a co-activator (Fukunaga et al., 1995).  This protein is inactive in cellular 
cytoplasm, prior to ligand-binding transduction.  The inactive form of AhR is part of  
complex with a dimer of heat shock protein 90 (hsp90), Ptges3, X-associated protein 2 
(XAP2), and p23 co-chaperone.  Hsp90 and co-chaperone p23 protects the complex 
against proteolysis, with p23 also regulating AhR ligand responsiveness (Kazlausk s et 
al., 1999), and XAP2 is a transcriptional enhancer while preventing AhR transfer into the 
nucleus prior to ligand-binding (Meyer t al., 1998). 
 Coplanar (planar) PCBs act as ligand agonists on this cytoplasmic complex.  The 
ligand binds to the PAS-B domain of the AhR, releasing XAP2 and exposes the bHLH 
region of the AhR protein, activating a nuclear localization signal and shuttling the 
complex into the nucleus, where the hsp90 dimer, co-activator p23, and Ptges3 dissociate 
(Hord and Perdew, 1994; Pollenz et al., 1994).  The dissociation exposes the PAS-A 
binding domain, which is the binding site for the aryl hydrocarbon receptor nuclear 
translocator (ARNT) (Lindebro et al., 1995).  Bound ARNT converts AhR into its active 
form, with a high affinity for a specific DNA recognition site, xenobiotic response 
elements (XRE) (Shen and Whitlock, 1992).  The ligand bound AhR-ARNT complex 
binds to XRE, causing an activation cascade stimulating gene transcription downstream 
(Hankison, 1995; Schmidt et al., 1996; Denison et al., 1998).  As such, the XRE genes 
serve a regulatory role in xenobiotic metabolism in response to AhR pathway activation 
(Shen and Whitlock, 1992; Whitlock, 1999; Denison et al., 1988). 
 AhR protein expression has been detected in multiple cell types, including neural 
ganglia, smooth muscle, cardiac muscle, skeletal muscle, and epithelial cells in the 
developing chick embryo, with mRNA expression occurring in all cells except 
 8 
myocardium (Walker et al., 1997).  Downstream targets of cytochrome P450 (CYP), 
subfamily 1A, genes are upregulated at varying rates in different tissues following 
activation by ligand agonists, with the induction of AhR-dependent avian CYP1A4 and 
CYP1A5 shown in a subset of these protein-rich cells.  CYP1A4 was induced in the 
blood vessels, small intestine, liver, kidney, and outflow myocardium in response to 
dioxin (TCDD) exposure, a chemical that activates the AhR similar to PCBs (Walker and 
Catron, 2000; Head et al., 2008).  CYP1A5 is also induced, but to a lesser degree than 
CYP1A4, in response to this potent AhR stimulant (Jones and Kennedy, 2009).  In birds, 
the activation of the AhR pathway by dioxin-like PCBs induces CYP responses of both 
CYP1A4 and CYP1A5. 
The importance of the CYP-1A gene family in response to AhR activation resides 
in the regulatory function of the resulting proteins.  The CYP1A subfamily is responsible 
for detoxification and oxidative metabolism of organic or exogenous compounds.  
Unfortunately, the detoxification process may also result in the bioactivation of some 
PCBs, due to the strong affinity of the CYP1A subfamily to aromatic compounds 
(Goldstone and Segeman, 2006).  The detoxification effectiveness of CYP1As that lead 
to pollutant bioactivation is a major factor contributing to the susceptibility of different 












Figure 1:  Schematic of the activation of the Aryl Hydrocarbon Receptor 
the cell following PCB exposure.
 







 Conservation of the AhR protein and its function across species has been well 
established.  Comparisons of AhR protein sequences from chick embryos to mammalian, 
amphibian, and piscine species revealed that
conservation identify of 87
amino acids (piscine).  The PAS region is 97% conserved between avian species, 81
conserved in amphibians and mammals, and 64
However, the carboxyl terminus is less than 53% conserved between the domestic chick 
and these other speci s (Walker and Catron, 2000).  
 
    
Adapted from Denison and Nagy, 2003
 the bHLH domain of the AhR had a 
-100% amino acids (mammalian and amphibian) and 69
-69% conserved in piscine species.  






 and the 
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PAS regions are highly conserved across species, these regions are thought to play a 
major role in AhR pathway activation (Jones and Kennedy, 2009; Hankinson, 1995; 
Whitcock, 1999; Schmidt and Bradfield, 1996). 
  The efficacy of a PCB to activate the AhR pathway has been linked to congener 
toxicity.  Using this toxicological characteristic, the World Health Organization 
developed a toxic equivalency (TEQ) paradigm with tetrachlorodibenzo-p-dioxin 
(TCDD) serving as the standard for activation of the AhR pathway for both mammalian 
and avian species (van den Berg t al., 1998; 2005).  The TEQ schematic was developed 
as a cumulative yardstick of biological toxicity of PCB coplanar (planar) congeners 
compared to TCDD activation in the AhR pathway.  To summarize, each “dioxin-like” 
PCB congener is assigned a toxic equivalency factor (TEF), which represents a toxicity 
relative to TCDD.  The TEQ for PCB mixtures is calculated by multiplying the TEF by 
the concentration of each congener and then summing all values (van den Berg t al., 
1998; 2006).  Due to the high variability within PCB mixtures and lots, the TEQ 
assessment becomes increasingly important to establish safe levels of PCB exposure (van 
den Berg et al., 1996; 1998; 2005).  Moreover, it is critical to evaluate wildlife from 
individual sites of contamination to gauge the impact of mixtures with site-specific 
variations in partitioning, chemical transformations, and bioaccumulation (TAMS, 1991).  
While TEQs do not account for variability in responsiveness between species for specific 
congeners, the TEQ provides valuable information in the initial assessment of potential 




Adverse health effects of PCBs 
PCBs have been linked to a variety of adverse health effects, with species-specific 
differences in sensitivity (Hoffman et al., 1996).  PCBs are regarded as carcinogenic, 
based on occupational studies that showed increased mortality of exposed workers from 
liver, gall bladder, and skin cancers following exposures to Aroclors 1254, 1242, 1016 in 
the United States and around the world (Bertazzi et al., 1987; Brown, 1987; Silberhorn et
al., 1990; Sinks et al., 1992; USEPA, 1996).  Similarly, rodent studies confirmed that 
ingested PCB mixtures induced liver tumors (Kimbrough et al., 1975; Silberhorn et al., 
1990; Mayes et al., 1998).  In addition, maxillary and mandibular tumors occurred with 
two months of dietary exposure to a dioxin-like PCB congener in mink (Render t al., 
2000).  Interestingly, nonplanar PCB congeners are associated with increased risk of 
cancer, suggesting a mechanism of action unrelated to the AhR pathway.  These PCB 
congeners are general cancer promoters that generate reactive oxygen species, with 
prolonged exposure leading to oxidatitve DNA damage (Tharappel et al., 2002).  
Additonally, PCB metabolites are thought to be responsible for chromosomal 
abnormalities seen in animal exposures (Carpenter, 2006).  Animals with higher 
bioaccumulative PCB loads such as marine mammals with blubber have increased cancer 
rates similar to those found in exposed human populations (Guise et al., 1995; Ross et al., 
2000; Martineau et al., 2002; Yilato et al., 2005). 
PCBs also adversely affect the immune system of humans with exposed 
individuals at increased risk for infections, lower white blood cell and immunoglobulin 
levels, decreased antibody production rates, and increased incidences of respiratory 
diseases (Weisglas-Kuperus et al., 1995; 2000; 2004; Dewailly et al., 2000; Kudyakov et 
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al., 2004).  These data are further supported by the finding of depressed immunoglobulin 
levels in non-human primates that were exposed to PCBs (Tryphonas et al., 1988).  Fish, 
birds, and rodents have impaired immune system function following PCB exposure 
(Dunier 1994; Tryphonas, 1995).  Moreover, immune responsiveness decreased in 
blubber marine mammals, inferring decreased fitness associated with secondary immune 
challenges (Lahvis et al., 1995; Ross et al., 1996).  Similarly, fish exposed to a dioxin-
like PCB congener showed depressed antibody production for up to two weeks following 
an acute exposure (Duffy et al., 2002).  In addition, gulls and tree swallows have also 
shown decreased immune responsiveness with dietary PCB congener exposure (Smits et 
al., 2000; Grasman, 2002; Bustnes et al., 2004).  PCB exposure altered immune system 
organ morphological effects, including reduced thymus gland, decreased germinal 
proliferative capacity, and altered immunological cells in the peripheral blood (Carpenter, 
2006).  Finally, immunologically impaired individuals are at greater risk for PCBinduced 
immunological dysfunctions (Weisglas-Kuperus et al., 1995; 2002).  The effects of PCBs 
on the immune system have been categorized, with estrogen-like PCB congeners bei g 
key compounds impacting dysfunction.  Estrogen receptors located in lymphocytes and 
non-lymphoid cells are susceptible to estrogen-like PCB congeners.  Research uggests 
that these contaminants can upregulate the expression of molecular messangers uch as 
cytokines, impair developmental immune organs including the thymus and bone marrow, 
and alter patterns of T and B cell apoptosis (Ahmed, 2000), suggesting various 
mechanisms of action.  In summary, data from human health, domestic species, and 
wildlife studies implicate PCBs as responsible for immune system impairent. 
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PCBs also impact nervous system function.   I  utero or dietary PCB exposure 
through breast milk resulted in reduced performance of children on intelligence quoti nt, 
diminished overall intelligence, and poorer performance on behavioral tests (Yu et al., 
1996; Jacobson and Jacobson, 1996; Chen et al., 1992).  Additionally, exposed children 
also had neurobehavioral deficits including abnormal reflex to stimuli, lower degree of 
muscle tone, and amplified responses to stressors (Lonky et al., 1996; Rogen et al., 
1986).  While neurological and behavioral effects are prevalent in children due to their 
developmental stages, adults exposed to PCBs also had decreased memory associated 
with increased concentrations of PCB loads (Schantz et al., 2001).  These data are 
supported by non-human primate studies, in which exposure to Aroclors impaired spatial 
learning and memory in cognitive tests (Schantz et al., 1991).  Other mammalian studies 
showed PCB treatment induced spontaneous behavioral patterns, decreased cognitive 
function in neonatal mice, and altered concentrations of neurotransmitters in the brain in
mink kits (Fischer et al., 2008; Aulerich et al., 1985).  Studies in birds have confirmed 
the presence of measureable PCB levels in the brain, making the central nervous system a 
potential target of PCB action (Naert t al., 2007).  Delayed developmental milestones 
were also observed in the higher trophic level American kestrel following PCB exposure 
(Fernie et al., 2003).  Neurological effects following PCB exposures have been 
associated with the perturbation of calcium homeostatis during development.  In animals 
exposed to PCBs, decreased calcium transfer enzyme concentrations and reduced 
enzymatic function were identified.  Many developmental processes are calcium 
dependent and perturbations in homeostasis can affect neurological growth as well as 
cause cellular injury (Tilson et al., 1998).   As such, the evidence implicates PCBs in 
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impacts on neurological systems, especially with exposure during critical developmental 
stages. 
PCBs are an established endocrine disrupting chemical (EDC), with adverse 
effects on endocrine function.  In humans, dietary PCB exposure through maternal breast 
milk has been correlated with decreased levels of thyroid hormones T3 and T4 and 
increased levels of thyroid stimulating hormone and thyrotropin in infants (Koopman-
Essenboom et al., 1994; Osius et al., 1999; Schell et al., 2002).  Similarly, the 
hypothalamus-pituitary-thyroid (HPT) axis appears to be a target of PCBs, with 
decreased thyroid function, thyroid gland hypertrophy, and follicle cell hyperplasia in 
neonatal rats, harbor seals, and kestrel hatchlings (Crofton et al., 2000; Tabuchi et al., 
2006; Hoffman et al., 1996).  Increased turnover of thyroid horomones as a result of 
increased hormone excretion leads to decreased circulating levels of thyroid hormones.  
This causes the HPT axis to overcompensate, eventually leading to hypothyroidism in 
chronic cases.  Exposures to PCBs have been shown to disrupt thyroid status through 
different mechanisms of action.  PCBs can disrupt biotransformation enzymes of the liver 
such as transferaces, which are essential in proper thyroid function.  PCB mixtures and 
select congeners have also been shown to interfere with thyroid hormone transport by 
plasma proteins and individual congeners can also interfere directly with thyroid gland 
function (McNabb and Fox, 2002).  In short, multiple congeners can be linked to thyroid 
dysfunction through a myriad of mechanisms. 
In addition to thyroid dysfunction, PCBs have been linked to functional 
abnormalities in the hypothalamus-pituitary-adrenal (HPA) axis in animals.  Increased 
PCB loads in polar bears and fish have been linked to decreased cortisol levels in 
 15
peripheral blood as well as atrophy of the pituitary corticotropes (Oskam et l., 2004; 
Hontela et al., 1992).  Similarly, American kestrels and tree swallows exposed to 
environmental mixtures had an inverted-U dose response in corticosterone and repressed 
adrenal responsiveness (Love et al., 2003; Franceschini et al., 2008).  While the 
underlying mechanism of reduced cortisol responsiveness following PCB exposure is not 
clearly understood, there is evidence implicating a direct effect on the adrenal tissue 
(Franceschini et al., 2008).  It is clear that PCBs can have significant implications for 
organisms relative to normal growth and development, as well as stress responses 
necessary for survival. 
 PCB exposures have been associated with reproductive abnormalities, likely 
associated with endocrine disruption.  In humans, males exposed to PCB mixtures had 
decreased concentrations of free testosterone in peripheral blood, decreased sperm 
motility, and increased sperm abnormalities (Ritchthoff et al., 2003; Hsu et al., 2003).  
Laboratory studies in male rats confirmed these effects: exposure inhibited tes osterone 
production, impacted Leydig cell proliferation, and showed competitive inhibition of the 
testosterone binding receptor (Kovacevic et al., 1995; Portigal et al., 2002).  PCBs also 
affect the female reproductive system.  In humans, PCB exposure was linked to early
onset of the menstrual cycle in adolescents, increased duration of menstruation, and 
higher rates of endometriosis in adults (Denham et al., 2005; Cooper et al., 2005; 
Pauwels et al., 2001).  Similar effects of PCBs were observed in studies on the rhesus 
macaques (Rier et al., 2001).  In addition, human infants born to PCB exposed mothers 
have decreased birth weights and shorter periods of gestation, compared to non-exposed 
mothers (Taylor et al., 1984; Baibergenova et al., 2003).  Reproductive failure, impaired 
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reproduction, and reduced litter size was also correlated to PCB concentrations in marine 
mammals, mink, and rats  (Addison, 1989; Heaton et al., 1995; Kimbrough, 1985).  In 
birds, embryonic mortality, reduced reproductive fitness, and declines in brooding 
behavior followed Aroclor exposure (Peakall and Peakall, 1973; Custer and Heinz, 1980; 
Carro et al., unpublished).  The underlying mechanism of action of PCBs on the 
reproductive system is not well understood.  PCB congeners have been shown to be 
estrogenic or anti-androgenic, and the sensitivity of reproductive function variesac oss 
species.  Further work is needed to elucidate the mechanistic cause for decreased 
reproductive fitness following PCB exposure (Schwacke et al., 2002).  In summary, PCB 
exposure was associated with decreased overall reproductive fitness.  
 PCB exposure has also been linked to a variety of other effects including 
increased rates of diabetes in women, increased risk of asthma, elevated incidence of 
joint inflammation, and arthritis in humans (Longnecker et al., 2001; van den Heuvel t
al., 2002; Kuratsune t al., 1980; Guo et al., 1990).  In birds, exposure to a PCB mixture 
have inhibited proper heme production, reduced growth rates, altered oxidative 
responsiveness, and increased liver necrosis (Elliot et al., 1990; 1991; McKinney et al., 
1976; Hoffman, 1995).  PCBs have adverse health effects on multiple physiological 
systems across a range of organisms.  PCBs are carcinogenic and adversely aff ct the 
immune, neurological, endocrine, and reproductive systems in humans and other species. 
 
Specific effects of PCBs on the cardiovascular system 
 Exposure to PCBs has been linked to a variety of cardiovascular defects in 
developing embryos and adults.  In humans, dietary and dermal PCB exposures in adults 
correlated with increased plasma triglyceride levels and total serum cholesterol, elevated 
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blood pressure, and increased hypertension (Baker et al., 1980; Morgan et al., 1980; 
Wilsgaard et al., 1981; Kreiss et al., 1981; Chase t al., 1982; Moysich et al., 2002).  
Adults residing in contaminated areas along the upper Hudson River had higher 
diagnostic rates for coronary heart disease and myocardial infarction at 35.8% and 
39.1%, respectively compared to national averages (Sergeev and Carpenter, 2005).  
Similar findings of increased coronary heart disease were obtained in rat and non-human 
primate studies in which animals were exposed to PCB mixtures and dioxin-like 
congeners (Mochizuki et al., 1998; 2000; Bell et al., 1994; Lind et al., 2004). PCB 
exposure was correlated with increased heart weight in adult rats and mink (Lind et al., 
2004; Aulerich and Ringer, 1977; Restum et al., 1998).  In fish, dioxin-like PCB 
exposure was linked to decreased blood flow to the periphery, decreased heart size, 
depressed rates of contraction, and altered heart looping during embryonic exposur  
(Kopf and Walker, 2009).  In birds, exposure to PCB mixtures or dioxin-like congeners 
resulted in increased heart weight in chick embryos and passerine nestlings (Powell et al., 
1996; Walker et al., 1997; Walker and Catron, 2000; DeWitt e  al., 2006).  Passerine 
nestlings in areas contaminated by PCB mixtures had thinning of the ventricular wall, 
microsurface roughness, and overall heart deformities (DeWitt t al., 2006).  Chicks 
exposed to dioxin-like PCB congeners also had abnormal chamber dilation, ventricular 
wall thinning, depressed heart rate stimuli responsiveness, and reduced rates of 
cardiomyocyte proliferation when examined at embryonic day 10 of development 
(Walker and Catron, 2000; Kopf and Walker, 2009).  Our research suggests similar 




Stages of chick heart development vulnerable to PCB exposure 
 The cardiovascular system begins to function very early in embryonic development, 
with the heart being the first functional organ in vertebrates.  At Hamburger Hamilton 
(HH) stage 5, the early progenitors of the heart field have moved through the primitive 
streak and are located in the anterior lateral plate mesoderm (Yang et l., 2002).  Within 
the splanchic layer, these progenitors form a bilateral pair of cardiogenic field, or a two-
dimensional plane of heart precursors (Rosenquist, 1970; Antin et al., 1994).  By HH9 
these bilateral, separate fields begin to indent, forming a trough-like structure before 
folding towards the ventral midline as the ventral foregut closes. These cardiogenic fields 
constitute the myocardium that forms the primordial cells of the trabeculated lay r of the 
ventricles (de la Cruz et al., 1989).   
 These two newly three-dimensional heart fields fuse at the ventral midline along its 
cranial border, forming the outer curvature of the future heart tube (de la Cruz et al., 
1989; Meilhac et al., 2003).  Following cranial fusion, the myocardium begins to fuse 
along the dorsal midline, which forms the inner curvature of the future heart, and the 
simple heart tube by HH10 (Linask, 2003).  This heart tube is made up of three distinct 
layers; myocardium along the outer surface, cardiac jelly secreted by the myocardium in 
the middle, and endocardium lining the inner surface (Linask, 2003).  At HH10, the heart 
is oriented dorsal to the foregut and pulsations or initial heartbeats begin as sodium-
calcium exchange pumps appear in the myocardial membrane (de la Cruz, 1977; 
Wakimoto et al., 2000; Linask et al., 2001).  These pulsations eventually become a 
rhythmic heartbeat controlled by the sinus venosus, allowing muscle contractions to 
control blood flow before the completion of heart valve formation (Linask et al., 2001).   
 
Figure 2: Representation of
 
 The looping of the heart is the first visible sign of right
developing embryo.  In the chick, the complete looping process occurs from embryonic 
day 2-8, with critical stages occurring between HH14 and HH16 (Manner, 2000).  At this 
point, the anterior and posterior regions of the heart h ve different polarities, with the 
anterior region the beginning of the outflow tract nd the posterior region the beginning 
of the inflow tract (van den Hoff 
the myocardial regions of the outflow and inflow tracts elongates the simple heart tube.  
The looping process requires the heart tube to bend, rotate and twist around the foregut to 
converge into a C-shaped loop directed towards the right sid
1965; Icardo, 1996).  When the outflow and inflow regions of the heart converge, a S
shaped loop is formed with the outflow tract cranially oriented and the inflow tract 
 the formation of the heart tube at HH10 in the chick. 
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Figure 3:  Representation of proper heart looping at HH16 in the developing chick.  
Developing heart forms an “S
 
 Chamber development occurs from HH16 to HH29, with major events occurring at 
HH17, 21, and 25.  While the heart tube is looping, the myocardium signals for 
detachment of the endocardial cells.  These cells migrate to the cardiac jelly forming a 
endocardial cushion which divides, as the atrioventricular septum elongates, the looping 
tube into right and left atrioventricular channels (Potts 
ng, the right ventricle and 
et al., 1989).  As 
et l., 2003).  By the end of looping, 
ill give rise to the adult four
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divided channels give rise to the mitral and tricuspid valves in the mature heart (Icardo, 
1996).  As this occurs the enlarged primitive atrium developing along the inflow tract is 
undergoing partitioning by septal formation (Larsen, 1993).  Interestingly, atria are 
derived from left and right cardiogenic fields and retain this left-right axis specification in 
the adult heart (Manner, 2000).  As the atrioventricular and primitive atrium undergo 
septation, ventricles are also septating.  The part of the S-shaped cardiac loop that will 
join the developing inflow and outflow tracts, known as the bulboventricular fold, will 
ultimately divide the right and left ventricles.  As the outer curvature of the cardiac loop 
grows and expands, it gives rise to the trabeculated region of the ventricular wall.  The 
ventricular septum also grows from the bulboventricular fold, ultimately dividing the 
right and left ventricles (Cristofells et al., 2000; Sedmera et al., 2004).  Finally, the conus 
eventually becomes the area connecting the right ventricle with the pulmonary trunk and 
the left ventricle with the aorta and the truncus becomes the semilunar valves in both
ventricles, both undergo septation (Cai et al., 2003; Waldo et al., 2001; 2005).  The aortic 
sac, a sinus in the outflow tract region of the developing heart, initially branches into the 
pulmonary trunk and aorta by a preliminary septation (de la Cruz et al., 1977; Thompson 
et al., 1987).  Remodeling, further septation, and apoptosis of this region then connect the 
right ventricle to the pulmonary artery and the left ventricle to the aorta (Cai et al., 2003; 
Schaefer et al., 2004).  In summary, septation of the primordial atria, atrioventricular 
canal, ventricles, and conotruncus gives rise the four chambered, valved, vascularized 
heart. 
 Another important component to heart development is the formation of the 
trabecular and compact zones or layers of the heart wall.  After looping and as early as 
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HH16, trabeculations can be seen in the ventricles (Challice and Viragh, 1973; Icardo and 
Fernandez-Teran, 1987).  These trabeculations orient themselves as sheets, with 
protrusions that increase surface area (Van Mierop and Kutsche, 1984).  The increased 
surface area enables the myocardium to increase in size in the absence of complete 
circulation.  As the heart undergoes septation, trabeculations in the left ventricle become 
thicker than the right ventricle and intertrabecular spaces increase in siz(Rychter and 
Rychterova, 1981).  Trabeculations enhance contractility and coordinate intraventricular 
conduction in the heart (Challice and Viragh, 1973; Hogers et al., 1995).  The 
trabeculated layer initially starts developing before septation in birds.  The compact layer 
or outer myocardial layer of the heart wall is not developed until long after the pres nce 
of the trabeculated layer.  At very early stages of embryonic development, the compact 
myocardial layer is only one or two cell layers thick and much of the myocardial mass at 
these stages can be attributed to the trabeculated layer (Rychterova, 1971; Blausen et al., 
1990).  The early embryonic compact layer is the source for proliferating cells, although 
differentiation rates are lower than those found in the trabeculated layer (Jeter and 
Cameron, 1971; Challice and Viragh, 1973).  Compaction of the myocardial wall, which 
occurs concurrently with cardiac vascularization, is the driving force behind increases in 
wall thickness (Rytchterova, 1971).  During this process, proliferation of cardiomyocytes 
in the compact layer contributes significantly to heart wall thickness compared to the 
trabeculated layer (Blausen t al., 1990).  Compaction occurs at greater rate in the left 
ventricle, contributing to the substantial growth of the left versus right ventricula  wall, 
with growth and compaction still occurring after embryonic development (Hirokawa, 
1972).  In birds, thickness of the compact layer in the left ventricle is approximately five 
 23
times greater than the right ventricle in adults, but only three times as thick in hatchlings 
(King and MacLelland, 1986).  Notably, adult mammals have a left to right ventricular 
wall thickness ratio of three to one (Komarek et al., 1982).  The difference in ratio 
suggests an adaptation for flight in birds (King and MacLelland, 1986). 
 
Congenital cardiovascular malformations 
 Congenital cardiovascular malformations (CCVMs) are one of the most common 
forms of birth defects in human infants, occurring in approximately 1.0 % of live infant 
births (Hoffman, 1995).  Prenatal death associated with congenital heart disease is greater 
and estimated to account for approximately 7.3% of all fetal deaths (Hoffman, 1995).  Of 
the live infant births with identified CCVMs, 15% will die in the first year of life.  Four 
percent of the surviving cases of CCVMs will die before 16 years of age (Knowles et al., 
2005).  Additionally, 30% of postnatal infant deaths attributed to other birth defects also 
have CCVM, as these malformations are genetically linked to other high mortality birth 
defects (Jenkins et al., 2007).   
 The severity of CCVMs, their diagnosis and treatments, and the incidence in the 
human populations varies greatly.  Many postnatal CCVMs are associated with improper 
septation during development.  Atrial septal defects (ASDs) are one of the most common 
malformations of the heart.  They occur in 50-100 per 100,000 live births and are usually 
isolated malformations, meaning they usually do not occur with other birth defects 
(Hoffman, 1987).  Notably, fetal environment impacts the prevalence of ASD, for 
example neonates born with fetal-alcohol syndrome have increased incidences of ASD 
(Hoffman, 1987).  Another septal malformation is Complete Atrioventricular Septal 
Defect (CAVSD), a major malformation of the lower part of the atrial septum, upper 
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portion of the ventricular septum, and atrioventricular valves.  The incidence of CAVSD 
is 30 per 100,000 live births and is generally linked to other genetic defects including 
Down Syndrome (Wilson et al., 1993).  Ventricular septal defect (VSD) is one of the 
most common CCVMs in live births, occurring in an estimated 300 per 100,000 cases.  
Only an estimated 60 per 100,000 live births require surgical correction.  In many 
instances, infants with VSD can live normal lifestyles without being diagnosed with this 
CCVM (Hoffman, 1987). Teratology of Fallot (TOF) is a septal defect with aortal 
displacement, usually existing with right ventricular obstruction and decreased outflow 
(Hoffman, 1987).  This defect is severe and life threatening, usually occurring as an 
isolated malformation in 30 per 100,000 live births.  Finally, Hypoplastic Left Heart 
Syndrome (HLHS) occurs in 20 per 100,000 live births, and is a combination of 
underdeveloped left ventricle, underdeveloped valve formation and aortic arch and aorta.  
This leads to poor circulation to the periphery and lungs (Wren et al., 2008). 
 In addition to malformations during septation of the various regions of the heart, 
improper vascular formation is another cause of CCVMs.  Total anomalous pulmonary 
venus connection (TAPVC) occurs if the pulmonary veins do not properly connect to the 
left atrium, instead connecting to the systemic venous system.  This malformation is 
severe and infants with TAPVC are very ill.  TAPVC usually occurs with an additional 
ASD (Bleyl et al., 1995; Hancock-Friesen et al., 2005).  Pulmonary atresia is defined by 
the absence of a proper connection between the heart and lungs, usually results from 
malformations of the septum, valves and vessels, and occurs in 20 per 100,000 live births 
(Leonard et al., 2000).  Pulmonary atresia is a severe malformation, with infant mortality 
rates greater than 50% within the first year of life (Leonard et al., 2000).  Transposition 
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of the Great Arteries (TGA) is a severe CCVM if untreated but can successfully be 
corrected in newborns.  TGA is identified by incorrect orientation of the pulmonary 
artery and aorta, with the pulmonary artery attaching from the left ventricl  and the aorta 
attaching from the right ventricle.  TGA occurs in 30 per 100,000 births (Wren et al.,
2003).  Finally, truncus arteriosis (TA) occurs in 10 per 100,000 live births and is one of 
the most major malformations.  Characterized by failed septation of the ventricular 
outflow tract, TA affects the pulmonary arteries and the aortic arch (Hoffman, 1987).  
 Cardiomyopathies involving the ventricular wall also inhibit proper cardiovasculr 
function in infants.  The heart wall thickness forms from myocardium.  As the compat 
layer forms, compaction of the trabeculated layer is essential.  Noncompaction,  
myocardial disorder in which the trabeculated layer does not get compacted due to a 
failure of differentiation by the myocardium, is a rare development that is categorized by 
hypertrabeculation of the ventricular wall, and deep intertrabecular recesses.  This 
disorder prevents proper proliferation of the ventricular wall and can affect on  or both 
ventricles (Chin et al., 1990; Oechslin et al., 2000; Oda et al. 2005).  Proliferation is 
essential to normal ventricular wall development, and decreased rates of proliferating 
cardiomyocytes during development can be linked to defects in ventricular wall thickness 
in association with environmental exposures to contaminants (Henshel et al., 1993). 
 In summary, embryonic exposure to environmental contaminants during critical 
developmental stages increases the risk of a child born with a CCVM.  The incidence of 
CCVMs has increased in the last decade, suggesting a link between environmental 
exposures and adverse heart effects (Pierpont et al., 2007).  Exposures to environmental 
contaminants such as pesticides and solvents during embryogenesis account for 2.8-4.7 
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fold increases in the TGA and 3 fold increases in HLHS based on risk assessment 
modeling (Ferencz et al. 1997).  The estimated incidence of CCVM attributed to 
environmental contaminants is approximately 30% (Wilson et al., 1998).  Embryos 
exposed to dioxins, specifically TCDD, have shown increases in heart weight, ventricular 
cavity size, and myosin protein during development (Kopf and Walker, 2009).  These 
hearts exhibited cardiac stress and cellular hypertrophy (Walker and Catron, 2000).  
Dioxins work mechanistically through the AhR, similar to dioxin-like PCBs, although the 
AhR mediated process is not the exclusive target pathway for PCB exposures (Carpenter, 
2006).  As such, there is an indication for human health and wildlife that embryonic 
exposure to PCBs can be linked to increases in CCVMs and cardiomyopathies seen in 
developing embryonic hearts. 
 
 
Summary and purpose of this research 
 PCB mixtures are still environmentally persistent today, with some congeners more 
biologically toxic based on their chemical structure and mechanism of action through the 
aryl hydrocarbon receptor.  PCBs are resistant to degradation and bioaccumulative, with 
higher trophic animals at greater risk for biological effects.  PCBs have been linked to 
health effects including carcinogenicity, and adversely impacting the nervous, endocrine, 
reproductive, and immune systems.  Additionally, PCBs have been thought to impact the 
cardiovascular system, although PCB effects on avian embryonic cardiac development to 
unique PCB mixtures are not well categorized.  One major site of PCB contamination s 
along the UHR in New York, where PCB mixtures have been intermittently released into 
the ecosystem since the 1920’s.  The goal of this dissertation is to assess the effec s of 
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PCB mixtures and dioxin-like congeners that are environmentally relevant at the UHR on 
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THE EFFECTS OF IN OVO EXPOSURE TO 3, 3’, 4, 4’-TETRACHLOROBIPHENYL 
(PCB 77) ON THE DEVELOPMENT OF HEART MORPHOLOGY IN TREE 
SWALLOW (TACHYCINETA BICOLOR) HATCHLINGS 
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Abstract 
Polychlorinated biphenyls (PCBs) are environmentally ubiquitous, synthetic 
compounds that are resilient to degradation, lipophilic, and bioaccumulative in the 
environment.  The purpose of this study was to determine embryonic effect of PCB 77, 
administered at two doses on wild tree swallows and with respect to impacts on the 
developing cardiac system.  Tree swallow (Tachycineta bicolor) eggs from two 
uncontaminated sites, Patuxent Research Refuge (PRR), MD and Cobleskill Reservoir, 
NY were dosed with a single dioxin-like PCB congener, PCB 77.  To ensure embryonic 
viability, treatments were administered into the air cell at embryonic day (ED) 2.5 of 
development and treated as follows: untreated, vehicle, 100 and 1,000 ng/g egg wt.  
Eggs were dosed, returned to the nest for incubation, and then collected at ED13, 
hatched, and necropsied.  PCB 77 treated hatchlings were compared to environmentally 
exposed hatchlings collected from a PCB contaminated site along the upper Hudson 
River (UHR).  Results showed no effects of PCB 77 on hatching success or hatchling 
mortality, heart index (heart wt/body wt %), or morphological measures of four distinct 
heart layers (heart width, length, septal thickness, total area, ventricular cavity area) 
compared to controls.  However, hatchlings dosed with 1,000 ng/g PCB 77 had 
increased incidence of a specific cardiomyopathy, the absence of the compact layer of 
the ventricular heart wall (Chi sq; p<0.001).  The compact layer is essential for proper 
heart growth and overall heart function because of its role in ventricular cardiomyocyte 
proliferation and normal heart contraction.   The finding that in ovo exposure to PCB 77 
resulted in a distinct cardiomyopathy (absence of the compact layer) in tree swallow 
hatchlings has implications for the fitness of affected individuals.  Furthermor, these 
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data point to the importance of considering impacts of non-lethal PCB effects on 
lifetime fitness for exposed individuals. 
 
Introduction 
Polychlorinated biphenyls (PCBs) are synthetic compounds composed of a 
biphenyl molecule with one to ten chlorine substitutions, with 209 known congeners.  
PCBs were used extensively in manufacturing from their introduction in 1929 until their 
ban in the late 1970s.  PCBs were released from the General Electric plants at For  
Edwards and Hudson Falls during this time as mixtures or Aroclors, synthesized 
according to percent chlorine by weight.  Each lot mixture utilized different 
concentrations of congeners, altering toxicity effects between mixtures and lots, making 
source sites easily traceable (Brown et al., 1987; Frame t al., 1996; Frame, 1997; 
Rushneck et al., 2004).  Avian species are variable in their sensitivity to PCB congeners, 
but it has been well established that coplanar “dioxin-like” congeners, such as PCB 126, 
81, and 77, induce toxicity responses at higher rates than non-dioxin-like congeners 
(McKinney and Waller, 1994; Kennedy et al., 1996; Elliot et al., 1997; Head et al., 2008; 
Hervé et al., 2010).  Recent contaminant analysis showed concentrations of PCB 77, 81, 
and 126 account for approximately 86%, 9%, and 3% respectively, of the total PCB-TEQ 
in tree swallows eggs collected along the Upper Hudson River (UHR) (Custer et al., 
2010c).  These data, along with contaminant analysis performed in the 1990s, suggest 
that PCB 77 is a primary dioxin-like congener that causes adverse health effects in 
exposed birds along the UHR (Echols et al., 1996; Secord et al., 1999). 
 Environmental exposure to PCBs has been linked to cancer (Safe, 1994; 
Silberhorn et al., 1990), immune system dysfunction (Thomas and Hindsdill, 1978; 
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McNabb, 2005; Lavoie and Grasman, 2007), decreased reproductive fitness (Barsotti et 
al., 1976; Aulerich and Ringer, 1977; Golub et al., 1991), endocrine disruption (van de 
Berg, 1990; Gould et al., 1999), and neurological and cognitive dysfunction (Jacobson et 
al., 1990).  Additionally, the effects of environmental exposure to PCBs was linked to 
improper cardiovascular development in wild birds (DeWitt et al., 2006).  Previous 
research also demonstrated that exposure to dioxins and PCB 126 resulted in increased 
ventricular dilation, thinned ventricular wall, elongated apical heart region, increased 
overall heart weight, and decreased chronotrophic responsiveness (Walker et l., 1997; 
Walker and Catron, 2000; Kopf and Walker, 2009). 
The effects of environmental exposure to PCBs on tree swallow nestlings and 
embryos have been well documented at the UHR site and other locations across the 
country (Bishop et al., 1995; Echols et al., 2004; Custer et al., 2002; 2003; 2010c, d).  
Moreover, contaminant analysis of bird eggs and nestlings collected from the UHR 
showed that PCBs were detectable, including elevated levels of PCB 77 (Secord et al., 
1999; Custer 2010 a, b, c, d).  PCB 77 has dioxin-like characteristics and a relatively high 
toxicity equivalency factor (TEF) of 0.05 in birds, which suggests that PCB 77 may be 
the principle congener linked to adverse health effects (Kennedy et al., 1996; Karchner et 
al., 2006). 
Tree swallow eggs were collected from two uncontaminated sites, PRR and 
Cobleskill and one contaminated site on UHR.  Eggs from the UHR were not dosed and 
regarded as “environmentally exposed” embryos.  Eggs collected from PRR and 
Cobleskill were dosed with one of two concentrations of PCB 77 and necropsied at hatch.  
The purpose of this experiment was to determine if PCB 77 increased mortality in tree
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swallows eggs and to assess any other impacts of this congener, including heart defects 
following in ovo embryonic exposure. 
 
Materials and Methods 
 
Egg injection   
All fieldwork and experimental procedures were conducted under an approved 
Institutional Animal Care and Use Committee protocol and with appropriate permits f om 
the Fish and Wildlife Service.  Tree swallow (Tachycineta bicolor) eggs were collected 
from two reference field sites; PRR and Cobleskill, and one contaminated field site; 
UHR.  The UHR eggs were identified as “environmentally exposed” embryos and were 
not dosed with PCB 77 treatments.  Viable eggs were collected from the Upper Hudson 
River at ED13 and transported to the University of Maryland for in incubation and hatch.  
PCB 77 was solubilized in a filter sterilized fatty acid mixture (10% palmitic acid, 30% 
oleic acid, 60% linoleic acid) at two concentrations: 100 and 1,000 ng/g egg wt (1 and 10 
µg/µl, respectively).  Nests were checked daily and egg laying was monitored.  Eggs 
were candled and at approximately 18% embryonic development or ED 2.5, individual 
eggs were randomly assigned the following treatments: untreated, 0, 100, and 1,000 ng/g 
egg wt.  Treatments were administered in the field.  A small hole was drilled (Dr mel, 
WI) into the blunt side of the egg and a total injection volume of 0.2 µl per egg (based on 
egg weight) was deposited into the air cell using a reverse displacement pipettor (Rainin 
Instrument LLC, Oakland, CA).   Eggs were returned to nests for incubation and 
at ED13, eggs from all treatment groups were collected, transported to the University of 
Maryland, and placed in hatching trays until hatch at 37°C and 60% humidity. 
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Heart collection  
Hatchlings were euthanized by cervical dislocation within 12 hrs of hatch; the 
heart was dissected while beating and placed in ice-cold 25 mM KCl until beating ceased 
(about 30 sec).  The heart was then rinsed thoroughly in 1x PBS solution, blotted dry, 
weighed, and immersed in ice-cold 10% neutral-buffered formalin for storage at 4°C for 
48 hr.  Following fixation, hearts were removed from fixative and immersed in 1x PBS 
solution for 30 minutes (2x) at 4°C and transferred to a 5% sucrose solution overnight 
at 4°C.  The heart was dehydrated by a stepwise immersion into ethanol at the following 
increments: 50% EtOH, 70% EtOH, 80% EtOH, 95% EtOH, 100% EtOH (twice) for 60 
minutes each.  The heart was immersed in 1:1 Hemo-De:EtOH mixture for 30 minutes at 
room temperature, transferred to 100% Hemo-De for 15 minutes at 58°C, followed by  
1:1 Hemo-De:paraffin for 60 minutes at 58°C and then immersed in 100% paraffin for 30 
minutes at 58°C (repeated 3 times).  Following the last immersion, the heart was 
transferred to 100% paraffin filled mold, oriented uniformly, and allowed to solidify for 
24 hours.   
Heart sectioning and staining 
              Hearts were sectioned transversely, from apex to cranial region at 10 µm, and 
wet mounted onto glass slides.  Once dried, sections were taken through a standard 
hematoxylin and eosin staining procedure.  Briefly, slides were dewaxed in Hemo-De for 
3 min (3X) and rehydrated using reverse stepwise increments of EtOH:  100% EtOH, 
95% EtOH, 70% EtOH, and 1x PBS for 3 min each; nuclear staining using Gill’s 
hematoxylin (< 5 sec) and cytoplasmic staining using 0.5% eosin solution (6 min).  
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Tissue was dehydrated again for 30 sec at 70% EtOH and 100% EtOH, immersed in 
Hemo-De for 3 min, coverslipped, and dried for 24 hr before storage.  
Analysis of heart indices and morphological measurements 
 Heart weight and indices including heart weight/ body weight percent were 
recorded and calculated for each individual.  Detailed morphological analysis was 
conducted on a subset of samples to examine more specific morphology of the heart.  A 
total of 25 tree swallow hearts were analyzed, representing controls, 100, and 1,000 ng/g 
treatment groups.  This subset of hearts analyzed was selected randomly and all 
subsequent imaging and measurements were conducted blind to experiment. Hearts were 
checked for septal defects and any additional gross anatomical defects. 
Images of sections were captured using the 4x Achroplan Zeiss objective, Zeiss 
microscope (Model 451888,Carl Zeiss, Inc., New York), and Photometrics Coolsnap fx 
camera (Photometrics, Tuscan, AZ).  Four layers were evaluated as defined by 
morphometric structures as follows.  Layer 1- most caudal section, identified by the left 
ventricular (LV) wall and cavity (~95% of the section), and the very beginning of the 
right ventricular opening; Layer 2- contains both left and right ventricles (RV), with both 
clearly prevalent, with no evidence of papillary muscles or valves; Layer 3- identified by 
the upper portion of both ventricles with emerging aorta present in the center of the 
section, left ventricle papillary muscles emerging, and evidence of the right ventricle 
papillary muscle; Layer 4- identified by the emergence of the pulmonary arter  without 
the emergence of the aortic valve, and was the most cranial section analyzed.  Images 
were captured using IP Lab 3.6 software (Biovision Technologies, Inc.) and analyzed 
using ImageJ software (NIH resources, Bethesda, MD).  Treated groups were compared 
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to controls with all measures taken in millimeters (mm).  Measurements taken for Layer 1 
included width, depth, LV compact layer, LV ventral compact layer, total area, and LV 
cavity area.  Layer 2 measurements were width, depth, LV dorsal compact layer, LV 
ventral compact layer, and total area. Layer 3 measurements were width, depth, LV 
dorsal compact layer, RV ventral compact layer, RV ventral compact layer, septal
thickness, and total area.  Layer 4 measurements included width, depth, and total area. 
Compact layer analysis 
Because the measurements taken indicated that PCB 77 exposure impacted the 
development of the compact layer (CL) in hatchlings, additional hearts were sectioned 
and analyzed at Layers 1 and 2.  These hearts, as well as hearts used for morphological 
measurements were scored to determine whether the CL was present or absent in Layers 
1 and 2, along the dorsal and ventral walls of the sectioned samples.  Differentiation 
between the CL and the trabeculated heart layer were clearly identified and visualized 
using the 4x objective.  Sample sizes varied due to hatch success rates as follows: 
untreated (n=15), vehicle (n=11), 100 (n=14), 1,000 ng/g (n=15), and environmentally 
exposed (n=8).  Histology and imaging were completed as described previously and 




Individual measurements were used to test for treatment effects by one-way ANOVA at 
significance criteria of p<0.05 for each heart layer.  CL analysis was conducted on the 
differences across treatments for either the presence or absence of the CL, using the chi 





Heart Weights & Indices 
 
 Tree swallow hatchling hearts from the three collection sites showed no 
difference in wet weight (Table 1) or heart index (heart weight/body weight %; based on 
wet weight; Table 1).  Two samples from the vehicle group at PRR were eliminated due 
to improper collection, which made it impossible to section and conduct histological 
analaysis.  PCB 77 treatment did not affect embryo hatch success rate or survivability to 
hatch (data not shown).  PCB 77 did not affect morphological measurement analysis of 
any layer (Table 2).  CL deformities significantly increased with PCB 77 exposure (Table 
3). 
Table 1: Heart weights and heart indices for PCB 77 treated eggs from 
uncontaminated sites: Patuxent Research Refuge (PRR), MD and Cobleskill 
Reservoir, NY and a contaminated site, Upper Hudson River (UPR), NY exposed to 
environmental PCBs. 
Treatment PRR Cobleskill UHR 
Heart weight (mg) 
100 ng/g egg 12.65 ± 0.57 (15) 11.25 ± 0.77 (12)  
1000 ng/g egg  10.66 ± 0.47 (17) 11.08 ± 0.64 (17)  
Untreated 12.19 ± 0.74 (12) 12.45 ± 0.67 (17)  
Vehicle 13.88 ± 1.66 (12) 12.15 ± 1.12 (12)  
Environmentally 
exposed 
  11.95 ± 0.42 (33) 
Heart index (heart weight/body weight %) 
100 ng/g egg 1.05 ± 0.04 (15) 0.98 ± 0.03 (12)  
1000 ng/g egg  0.91 ± 0.04 (17) 0.93 ± 0.05  
Untreated 0.99 ± 0.05 (12) 1.02 ± 0.05  
Vehicle 1.24 ± 0.14 (12) 1.04 ± 0.10 (12)  
Environmentally 
exposed 
  0.96 ± 0.03 (33) 
Mean ± SE (n) of heart weights (mg) and indices (heart weight/body weight %) for 
100ng/g egg, 1000ng/g egg, untreated, and vehicle PCB 77 treated tree swallow 
hatchlings from PRR and Cobleskill.  Eggs from UHR are environmentally exposed to 
PCB levels and were not dosed with PCB 77.  Heart indices were compared between 




Heart morphological measurements 
 
 Exposure to 100 and 1,000 ng/g egg wt concentrations of PCB 77 did not affect 
heart width, depth, length of dorsal and ventral compact layers (when present), total area, 
septal thickness, or ventricular cavity area when compared to controls or environmentally 
exposed hearts (Table 2).   Heart morphological structures, with the exception of 
ventricular compact layer (Figure 1; Layers 1, 2, 3) did not differ between PCB 77-
treated and control animals.  There was a significant (p<0.05) absence of the CL in 
Layers 1, 2, and 3 in the high dose treatment (1,000 ng/g) compared to the control group 
(Table 3).  Similarly, there was a significant absence (p=0.03) in Layer 1 in the 1,000 
ng/g PCB 77 treated hatchlings of the dorsal and ventral CL.  Layers 2 and 3 ventral right 
ventricular CL were significantly absent (p=0.01 and p=0.04, respectively, Figure 1) in 
the 1,000 ng/g PCB 77 treated hatchlings.  There was no difference in the thickness of the 
CL from other PCB-treated groups when the compact layer was intact (Table 2) and the 
trabeculated ventricular layers was present in all of the animals sampled.  No significant 
difference was observed between control samples and environmentally exposed hearts 
from the UHR.  Atrial formation was not affected by PCB 77 treatments (data not 
shown). 
Additional hearts analyzed from PRR and Cobleskill at Layers 1 and 2 for CL 
analysis showed an increase in compact layer deformities with PCB 77 exposure.  
Analysis determined that PCB 77-treated embryos at both 100 and 1,000 ng/g dose 
concentrations had CL deformities in layers 1 and 2 (Chi sq p<0.001; Table 3).  There 
was no difference in these layers for control hearts and environmentally exposed hearts 
from UHR. 
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Table 2:  Average spatial measurements of morphological heart structures at Layers 1, 2, 3, and 4 in tree swallow hatchlings 
dosed with PCB 77 during early embryonic development, control groups, and environmentally exposed (UHR embryos).  
 
Untreated, 100 ng/g, and 1,000 ng/g PCB 77 treated hearts were randomly selected from PRR uncontaminated site.  UHR 
environmentally exposed (e.e.) hearts were randomly selected for a contaminated site r ference.  Layer identification was determined 
using morphological landmarks, described in the methods section.  There was no difference across treatments in morphology 
measurements, including CL depth when CL was present (D=dorsal; LV=left ventricle; RV= right ventricle; CL=compact layer; 
PRR= Patuxent Research Refuge; UHR=upper Hudson River; e.e.= environmentally exposed).  Averages and ranges are expressed in 
millimeters or mm2.  
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Table 3: Percent of tree swallow hatchling hearts with Compact Layer absences 
following exposure in ovo to PCB 77. 
 
Treatment (n) 
# hearts w/ 
intact CL 
% hearts with 
CL deformities 
Untreated 15 13 13.33 
Vehicle 11 10 9.09 
100 ng/g* 14 8 42.86 
1000 ng/g* 15 4 73.33 
UHR e. e. 8 8 0.00 
Compact layer (CL) analysis (presence or absence of this morphological structure) was 
determined on the dorsal and ventral ventricular wall regions in Layers 1 and 2.  Hearts 
with compact layer absence in any location were identified as “CL deformed hearts.”  
Chi square analysis determined significant differences between PCB 77 treated hearts 
and control samples (p<0.001), indicated by an asterisk (*).  Environmentally exposed 
group, collected from Upper Hudson River (UHR e.e.), was not significantly different 
from control groups.  Untreated, vehicle, 100 ng/g and 1,000ng/g hatchling hearts were 
randomly sampled from Patuxent Research Refuge (PRR), MD and Cobleskill, NY 
treatment groups.  
 
 
Figure 1:  A comparison of tree swallow hatchling hearts treated 


































Tree swallow hatchling heart samples shown are representative of untreated and 1,000 
ng/g PCB 77 treated embryos collected from Patuxent Research Refuge (PRR).  There 
was no significant difference for all morphological measurements taken across 
treatments.  PCB 77 dosed hatchlings (100 ng/g and 1,000 ng/g concentrations) showed 
a significant increase in compa
ventricle; RV=right ventricle; D CL=dorsal compact layer; V CL=ventral compact 
layer; TL=trabeculated layer; S=septum; A=
valve; PA=pulmonary artery; (*)= CL abs
treated; Layer 2: (C) control, (D) PCB 77 treated
treated; Layer 4: (G) control, (H) PCB 77 treated.  Layer identification described in 
Materials and Methods. 
in ovo
 
ct layer absence when compared to the control.  (LV=left 
aorta; PM=pulmonary muscles; M=mi
ence).  Layer 1: (A) control, (B) PCB 77 
; Layer 3: (E) control, (F) PCB 77 
57





Exposure to PCB 77 did not affect survivability  
It has been well established that environmental contaminants are maternally deposited 
into eggs where they can cause adverse effects on embryonic heart developmnt (Hill and 
Hoffman, 1984; Rufer et al., 2009).  PCBs have been detected in mammalian cardiac 
tissue at elevated concentrations (Wang et al., 2010).  PCB congener toxicity associated 
with activation of the aryl hydrocarbon receptor (AhR) revealed tree swallows have 
greater resistance to PCB exposure compared to other avian species (Kennedy et al., 
1996; Carney et al., 2006; Head et al., 2008; Hervé et al., 2010).  Dioxin-like PCBs with 
similar chemical structures to dioxins such as TCDD are categorized as more toxic based 
on their toxic equivalency factors (TEF)  (Van den Berg, t al., 1998; 2005).  PCB 77, a 
dioxin-like PCB congener, TEF of 0.0004 in kestrels, 0.005 in turkeys, and 0.05 in 
chickens (Brunstrom, 1988; Elliot e al., 1996; Lavoie and Grasman, 2007).  Previous 
dosing studies with PCB 77 have shown no effects on herring gulls and mallards at 
concentrations of 1,000 to 5,000 ng/g.  Moreover, there was no effect on animal 
survivability (Brunstom, 1988), which is consistent with the data we collected in tree 
swallows.  Based on the TEF of PCB 77, however, the concentrations we used in this 
study had an elevated toxic equivalency (TEQ), which should have resulted in embryo 
mortality (Van den berg et al., 1998).  Therefore, these data suggest a limitation of TEQs 
for estimating risk to wild bird populations, especially if the mechanism of action does 





PCB 77 affects heart development in tree swallow hatchlings 
Hearts from nestlings exposed to environmental mixtures of PCBs had heart 
defects including abnormal heart indices (heart weight/body weight %), deformities, 
microsurface roughness, apical and ventricular deformities, and thinning of the 
ventricular wall (DeWitt et al., 2006).  In laboratory studies, domestic chick embryos 
exposed to dioxin-like PCB congeners and dioxins in chick embryos had ventricular 
dilation, thinning of the ventricular wall, and reduced chronotropic responsiveness 
(Canga et al., 1993; Henshel et al., 1993; Walker et al., 1997; Walker and Catron, 2000; 
Heid et al., 2001; Kopf and Walker, 2009).  We also observed a cardiomyopathy of the 
ventricular wall, specifically an absence of the CL.  The CL is a portion of the myocardial 
wall formed by proliferation of the cardiomyocytes.  The myocardial wall is comprised of 
a highly proliferative region, the CL, and a highly trabeculated inner zone (Jeter and 
Cameron, 1971; Tomanek t al., 1999).  The CL is absolutely necessary for myocardial 
growth and proper overall heart growth, resulting from cardiomyocyte proliferation, and 
proliferates at high rates through hatch in avian species, with the major increase in 
ventricular wall thickness occurring between ED 8-14 (Rychterova, 1978).  The high 
volume of cardiomyocytes in the CL is essential for normal muscle contraction and cell 
turnover in the organ (Kirby, 2007).  Absence of such a vital portion of the ventricular 
wall in PCB 77-treated tree swallow hearts would lead to decreased fitness in the e 
animals, especially during periods of increased stress.  Further, absence of the CL is 
associated with compromised heart contraction and reduced myocardial proliferati n 
throughout the life of the organism, another contributing factor to decreased overall 
fitness (Sedmera and McQuinn, 2008).  In some species, even minor localized absences 
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of compact muscle layer can result in cardiomyopathies, heart failure, and eve  cardiac 
death (Waller et al., 1980; Jenni et al., 2001).  In tree swallows, there are extensive 
cardiac requirements as they feed and protect their nests; any compromise of the heart 
morphology presents a great disadvantage to the individual (Custer et al., 1980; 2002; 
2003, 2010a,b,c,d).  In humans, exposure to environmental contaminants in utero 
increases the possibility of an underdeveloped LV (Ferencz t al., 1997), a similar 
phenotype to the thinning ventricular walls seen in PCB exposed birds.  It has been 
estimated that 30% of congenital cardiovascular malformations in infants could be linked 
to environmental risk factors (Wilson et al., 1998).  The link between environmental 
contaminants and congenital cardiovascular malformations in humans is reminisc nt of 
some observations in wild birds.  Our data confirms that PCB 77 adversely affectsthe 
proper formation of the CL, which suggests that although PCB 77 is not lethal, it 
critically affects tree swallow cardiac fitness.  
While our study demonstrated increased CL defects with PCB 77 exposure, we 
did not observe some of the adverse heart effects seen in previous avian studies.  One 
possible explanation is that treatments were administered at approximately 18% of 
incubation.  As such, we were able to minimize embryonic mortality by injectig after 
development had begun (Heinz et al., 2006).  While this approach minimized mortality 
and verified the presence of a developing embryo, the timing of injection occurred after 
the initiation of heart development.  In chickens, embryonic heart development begins at 
approximately Hamburger Hamilton stage (HH) 7, with the emergence of the cardiogenic 
mesoderm at approximately 25 hrs of incubation (Hamburger and Hamilton, 1951).  In 
tree swallows, which have an 18-day incubation period, heart formation based on a 
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relative HH staging would occur at 21 hrs of incubation, approximately 40 hrs earlier 
than the time of PCB exposure in this experiment.  Therefore, the embryos in this study 
were treated in ovo to PCB 77 well after the initiation of heart development (Bellairs and 
Osmond, 2005).  Studies that have linked PCB exposure to altered heart weight and 
dilated cavities have exposed embryos prior to incubation, which might account for the 
differences relative to heart size and weight (Walker et al., 1997; Walker and Catron, 
2000; DeWitt et al., 2006; Kopf and Walker, 2009).  This suggests that we would have 
observed an even greater effect, including impact on weight, additional morphological 
abnormalities, and size, if in ovo dose treatments had been administered earlier.  
 
Future work 
Our lab will test an environmentally relevant, 58 congener PCB mixture, derived 
from contaminant analysis of eggs collected along the upper Hudson River, on heart 
development in an avian lab model with high sensitivity to PCBs, the chicken embryo.  
Due to the availability of samples, this study will dose eggs prior to the initiation of heart 
development, using a larger dose-curve, in an effort to identify a dose-dependent lethality
curve, as well as a complete spectrum of cardiomyopathies seen in other PCB studies.  
Additionally, future work will endeavor to link environmentally relevant PCB mixtures to 
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EFFECTS OF AN ENVIRONMENTALLY RELEVANT POLYCHLORINATED 
BIPHENYL (PCB) MIXTURE ON CARDIAC DEVELOPMENT 











A 58-congener polychlorinated biphenyl (PCB) mixture based on a contaminant 
analysis of eggs collected along the Upper Hudson River, New York was used to study in 
ovo PCB effects on cardiac development in the domestic chicken.  Fertile eggs were 
injected prior to incubation with a dose range of the PCB mixture, including: untreated, 
sham, 0.0, 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 µg/g egg wt.  Embryonic development 
was monitored throughout incubation; chicks were necropsied at hatch.  Survivability 
data at hatch followed a dose-dependent curve with significant (p<0.05) mortality above 
the 0.50 µg/g egg wt treatment concentrations compared to controls.  The LD50 of this 
PCB mixture in chicks was estimated as 0.40 µg/g egg wt at hatch based on the lethality 
curve.  Cardiac arrhythmia was observed at embryonic day (ED) 14 of development at 
treatment concentrations 0.50 µg/g egg wt and above.  Histological analysis was utilized 
to characterize any cardiac abnormalities.  Cardiomyopathies increased across treatments 
in a dose-dependent manner when compared to the control groups.   Identified 
abnormalities included absence of the trabeculated layer of the ventricular wall, 
ventricular dilation, thinning of the ventricular walls, malformation of the septal wall, and 
most commonly, absence of the compact layer of the ventricular wall.  Chick heart width, 
depth, total area, compact layer depth, septal width, chamber area, and ventricular wall 
dimensions did not differ across treatments.  With the exception of heart defects, 
additional analyses of organ indices and neurological behavior did not differ with 
treatment.  This study supports prior reports of adverse developmental effects o  PCBs on 
cardiovascular systems in birds.  Although the birds hatched, the measured 
cardiomyopathies suggest potential deleterious impacts on individual health and fitness.
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Introduction 
 Polychlorinated biphenyls are a class of synthetic compounds used extensively i 
manufacturing in the United States until 1979, at which time PCBs were banned from 
manufacture, processing, and distribution.  These compounds are made up of one 
biphenyl molecule with one to ten chlorine substitutions along the rings, for a total of 
over two hundred known PCB congeners.  PCBs are lipophilic, resistant to degradation, 
and bioaccumulative, making them a continuous source of exposure for animals living 
near contaminated sites long after their ban in the late 1970’s (Johnson et al., 2000).  Two 
contaminated sites identified along the upper Hudson River (UHR) in New York are Fort 
Edwards and Hudson Falls.  PCBs were used in manufacturing plants at these two 
locations from the late 1940s until the 1970s.  Many PCBs occur as mixtures and were 
marketed by percent chlorination under various names.  For example, three mixtures, or 
Aroclors, have been identified as the most common mixtures released from Fort Edwa d 
and Hudson Falls; Aroclor 1254, Aroclor 1242, and Aroclor 1016, with 54%, 42%, and 
42% chlorine by weight, respectively (TAMS et al., 1991).  While Aroclors are identified 
by % chlorine by weight, individual lots of the same Aroclors can contain varying 
congener distributions, thereby altering their toxicity to vertebrates (Frame et al., 1996; 
Frame, 1997; Rushneck et al., 2004).  Avian species are exposed to PCB congeners 
primarily through dietary consumption, metabolize PCBs to varying degrees, and deposit
these lipophilic compounds into their eggs (Barron et al., 1995; Custer et al., 2002; 2003; 
2010a; 2010b; 2010c; 2010d).  The wide variability between Aroclor site exposure, 
ingested PCB congeners, and ultimately maternal deposition of congeners into eggs 
makes identification of specific effects difficult to interpret between sites.  Moreover, 
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movements of birds between sites through migration make it even more difficult to 
determine effects and assess risk (Secord et al., 1999).  In recent years, analysis of the 
PCB profile in spotted sandpiper eggs collected from the UHR, New York has aided in 
estimating potential uptake and exposures in developing birds.  A 58-congener mixture 
(PCB mix) was developed based on relative concentrations of congeners found in the 
sandpiper eggs (Echols et al., 1996; Custer et al., 2010d).  This PCB mix has been 
formulated for use in laboratory and field studies to assess effects in avian species.   
Environmental exposure to PCBs has been linked to carcinogenicity (Safe, 1994; 
Silberhorn et al., 1990), immune system dysfunction (Thomas and Hindsdill, 1978; 
McNabb, 2005; Lavoie and Grasman, 2007), reproductive defects (Barsotti et al., 1976; 
Aulerich and Ringer, 1977; Golub et al., 1991), neurological effects (Tilson et al., 1990; 
Jacobson et al., 1990) and endocrine disruption in mammalian, avian, and fish studies 
(van de Berg, 1990; Gould et al., 1999).  Although some exposures are potentially lethal, 
many infer a decreased fitness in surviving animals (Meeker and Hauser, 2010; Jacobson 
et al., 1990; Nebeker et al., 1974).  The effects of individual PCBs on embryonic heart 
development have been documented; however, a complex PCB mixture such as that 
found at the UHR has not been studied. 
Proper heart development is essential for animal survivability, long-term health, 
and overall fitness.  In fact, congenital cardiovascular malformations account for upwards 
of 20% of all human infant death related to non-genetic birth defects (Jenkins t al., 
2007).  Previous studies have shown a link between PCB exposure and adverse health 
effects at different contaminant sites for several bird species.  Nestlings at a PCB 
contaminated site in Indiana exhibited cardiac malformations including decreasd heart 
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indices (heart weight as a percent of body mass), thinning of the ventricular walls, and 
abnormal heart apexes (DeWitt e  al., 2006).  Domestic chick embryos exposed to dioxin-
like PCBs had increased ventricular-septal defects, ventricular dilation, and higher overall 
heart weight by ED10 (Walker t al., 1997; Walker and Catron, 2000).  Tree swallow 
hatchlings that were exposed to a dioxin-like PCB congener 77 (PCB 77) showed an 
absence of the compact layer of the ventricular wall of the heart at high doses but did not 
induce embryonic death based on toxic equivalencies (TEQ) (Carro et al., unpublished; 
van den Berg et al., 1998).  Interestingly, PCB 77 was introduced at approximately 18% 
of embryonic development, which is well after the initiation of heart development.  This 
suggests that the PCBs exerted effects after documented developmental events, including 
looping of the heart tube, differentiation of the atrial and ventricular cavities, and 
initiation of proliferating cardiomyocytes, but before compact layer formation is 
completed (Kirby, 2007; Bellairs and Osmond, 2005).  The absence of the compact layer 
in this tree swallow study potentially links wild bird nestling studies (DeWitt et al., 2006) 
to embryonic studies (Walker t al., 1997; Walker and Catron, 2000; Kopf and Walker, 
2009) through a common cardiomyopathy of ventricular wall thinning with the suggested 
origin of that cardiomyopathy being compact layer malformation for birds exposed to 
PCBs. 
The purpose of this study was to further investigate the link between in ovoPCB 
exposure and congenital cardiac malformations in an avian lab model.  An environmental 
mixture, the PCB mix, was formulated based on PCBs found in wild egg samples (Tillitt 
et al., 2011).  Previous work has shown the domestic chicken is a highly responsive avian 
model.  This is due to the mechanism of action, which acts through the aryl hydrocarbon 
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receptor (AhR) (Kennedy et al., 1996; Head et al., 2008).  As such, the chick embryo 
may respond to the PCB mix below concentrations found in the environment (Kennedy et 
al., 1996; Jones and Kennedy, 1999; Custer e  al., 2010a; b; d).  Interestingly, non-dioxin 
like congeners that do not act through the AhR pathway are at greater concentrations in 
our PCB mix than dioxin-like congeners (Tillitt e al., 2011).  In another lab study 
utilizing Japanese quail, our lab determined that this PCB mix was twice as toxic as 
another environmental mixture containing 66 congeners, based on TEQs, which was 
unexpected (TEQs predicted the 66 congener mixture to be more toxic) (Dean et al., 
unpublished; van den Berg et al., 1998).  These data suggest that the previously accepted 
mechanism of action for PCBs, specifically action primarily through the AhR, may not be 
the sole mechanism of action in avian species (Ahlborg et al., 1992; Kennedy et al., 
1996; Head et al., 2008).  The aims of this study were to determine the 50% lethal dose 
(LD50) of the PCB mix in the domestic chicken model and determine if cardiac 
malformations result from in ovo exposure.   
 
Materials and Methods 
Egg injections and solution preparation 
Fertile broiler chicken (Gallus domesticus) eggs were purchased from Allen’s 
hatchery (Seaford, DE).  The PCB mix, made of primary PCB congeners in relat ve 
concentrations found in sandpiper eggs collected at the UHR, was prepared by the USGS 
Biochemistry and Physiology Branch (Tillitt e al., 2011). The PCB mix was solubilized 
in activated charcoal-stripped corn oil (Dean et al., unpublished) at the following 
concentrations: 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 µg/g egg wt.  A vehicle treatment of 
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0.0 µg/g egg wt, sham eggs (shell punctured but no vehicle administered), and untreated 
eggs were used as control treatments.  
Eggs were weighed at ED0 and grouped randomly to have egg weights evenly 
distributed across treatments (n=20 eggs/treatment).  Treatments were administered as 
follows: the egg was swabbed with alcohol and a small hole was drilled into the side of 
the egg using a sterile Dremel bit (Dremel Co., Racine, WI).  Injection volume was 
calculated for each egg and a total of 0.9-1.11 µl (based on egg wt) was administered into 
the hole using a reverse displacement pipettor (Rainin Instrument LLC, Oakland, CA).  
Eggs were sealed with melted paraffin wax and incubated (air cell up) at 37ºC and 65% 
humidity and randomly distributed through the incubator.  At ED20, eggs were 
transferred to individual, compartmentalized hatching trays and allowed to hatch.  
Incubation period and hatchling collections 
 Eggs were candled on ED0, ED2, ED4, ED6, ED10, ED14, ED18, and ED20.  
Infertile eggs were removed from treatments and not incorporated into statistical 
analyses.  Early embryonic death was recorded as mortality prior to ED6; embryos that 
died later were necropsied.  At ED10, ED14, and ED18, heart rate was determined using 
a digital egg monitor (Avian Buddy International, Tallahassee, FL) at 37±0.5°C.  All 
heart rate monitoring was randomized and performed blind. 
 Hatchlings were tested for neurological deficits using behavior assessments, 
sacrificed, and necropsied.  Body weight, organ weights and gender were recorded; liver, 
thyroid, feces, blood, yolk, lung, brain, and gastrointestinal tracts were collected and 
frozen at -80°C for future analysis.   The protocol followed for collecting the hearts were 
as follows: beating hearts were dissected immediately following euthanization and placed 
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in ice-cold 25 mM KCl until beating ceased.  Hearts were rinsed thoroughly in 1xPBS 
solution, blotted dry, weighed, immersed in ice-cold 10% neutral buffered formalin, and 
stored at 4°C for 48 hrs.  Next, hearts were washed in 1xPBS solution for 30 min (2x) at 
4°C, stepwise dehydrated to 100% ethanol (Pharmco-Aaper, Shelbyville, KY) in 60 min 
increments: 50%, 70%, 80%, 95%, 100% (2x) ethanol (EtOH) and transitioned in 1:1 
mixture of the clearing agent Hemo-De® and EtOH at room temperature for 30 min.  
Hearts were transferred to 100% Hemo-De for 30 min at 58°C, moved to 1:1 Hemo-
De:paraffin for 60 min at 58°C and then immersed in 100% paraffin (Triangle 
Biomedical Sciences, Inc., Durham, NC) for 120 min at 58°C (replacing paraffin every 
30 min).  The heart was then blocked in paraffin filled mold, oriented uniformly, and 
allowed to solidify for 24 hrs prior to sectioning. 
 
Heart sectioning and histology 
 Hearts were sectioned transversely at 10 µm from the apex to the cranial region,
wet mounted on glass slides, dried, and stained with standard hemotoxylin and eosin 
procedure.  Briefly, slides were dewaxed in Hemo-De for 3 min (3x) and rehydrated 
using reverse stepwise increments of EtOH: 100%, 95%, 70% EtOH, and 1xPBS for 3 
min each.  Samples were nuclear stained using Gill’s hematoxylin (Fisher Scientific, Fair 
Lawn, NJ), followed by a 2 min water rinse, and cytoplasmic stained using 0.5% eosin Y 
(Fisher Scientific, Fair Lawn, NJ) solution, followed by a 6 min water rinse.  Tissue was 
dehydrated again in 70% and 100% EtOH for 30 sec each, immersed in HemoDe for 3 
min, coverslipped with CytosealTM, and dried overnight before storage.  Ten control 
hearts were analyzed for baseline morphology; five hearts were analyzed from each 
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treatment, with the exception of 0.70 and 2.06 µg/g egg wt treatments (only 2 and 0 
embryos survived to hatch, respectively). 
 Four layers were evaluated in each heart as defined by the following 
morphometric features:  Layer 1- most caudal section analyzed, identified by the left 
ventricular wall and cavity (~95% of the section) and the early right ventricular opening; 
Layer 2- both left and right ventricles visible, with no evidence of papillary muscles or 
valves; Layer 3- the upper portion of both ventricles visible with emerging aorta present 
in the central region, left ventricle papillary muscles emerging, and evidence of the right 
ventricle papillary muscle; Layer 4- emergence of the pulmonary artery without the 
emergence of the aortic valve. 
 Images were captured using a 1.25 and 2.5x Zeiss Acroplan objective under a 
Zeiss Axioplan microscope with a Coolsnap FxTM photometric camera attachment (Carl 
Zeiss, Inc., New York, NY).  Images were captured using IP Lab36 software (Biovision 
Technologies, Inc., Exton, PA) and analyzed using ImageJ software (NIH resourc s, 
Bethesda, MD).  A number of comparisons were made between treatments at each l y r, 
as described below.  Measurements for width, depth, left ventricle (LV) dorsal and 
ventral compact layers, total area, and LV cavity area was analyzed for Layer 1.  Width, 
depth, LV dorsal and ventral compact layers, RV wall, and total area were measured in 
Layer 2.  Width, depth, LV dorsal and ventral compact layer, RV wall, septal thickness, 
and total area was measured in Layer 3.  Finally, width, depth, and total area were 
measured in Layer 4.  Each measurement was taken three times and the averag  score 
was used for analysis.  Hearts were also scored for the presence of the compact layer in 
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Layers 1-3 and additional cardiomyopathies were identified in all hearts analyzed.  All 
analysis was performed blind to prevent bias.  
 
Statistical analyses 
 Herein survivability was taken to be viability at hatch with treatment and was 
analyzed by one-way ANOVA and Tukey’s post-hoc tests (JMP9, SAS Institute Inc., 
Cary, NC).  Infertile eggs were removed from the analysis, as determined via egg 
necropsies of non-viable eggs.  Samples sizes ranged from 16 to 20 eggs per treatment 
associated with infertility.  Embryonic heart rates were analyzed by one-way ANOVA 
and Tukey’s post-hoc test at ED 10, 14, and 18.  Cardiomyopathies were analyzed in 
hearts as described above and subjected to the Chi Square Test to determine the pres nc
or absence of a cardiomyopathy.  Finally, compact layer testing was performd at 6 
regions in the heart (across 3 layers) in the subgroup of heart samples, with a maximum 
score of 6 and a minimum score of 0 and analyzed by one-way ANOVA followed by a 
Tukey’s post-hoc test. 
 
Results 
PCB mix exposure and embryo survival 
Exposure in ovo to this PCB mix resulted in a dose-dependent increase in 
mortality across PCB treatments (Figure 1).  Mortality during incubation of low doses 
and controls occurred early (before ED6) and late (after ED18), with the exception of the 
three highest PCB treatments (0.50, 0.70, 2.06 µg/g egg wt) in which mortality increased 
across all incubation time points.  The calculated LD50 established in hatchlings was    
 
0.40 µg/g egg wt, based on this lethality curve.  Hatch success rates significantly 
(p<0.05) decreased compared to 
 
 
Figure 1:  Percent mortality of chick embryos exposed 
mixture and dosed at ED0.
Percent mortality for all treatments throughout incubation.
treatments at ED0.  Infertile eggs were removed from subsequent analysis.
 
c ntrols in PCB treated embryos (Figure 2).
in ovo to a 58-
 






Figure 2: Percent of chick embryos per treatment that successfully hatched 























One way ANOVA showed significant effects across treatm nts (p<0.0001).  Tukey
hoc test determined dose-

















PCB mix affects on heart r
 Heart rate (HR) in beats p
no significant differences across treatments at ED10
significant (p<0.05) difference wa
egg compared to control groups (Figure 3).
 
Figure 3:  Embryonic heart rate (beats per minute) at ED14 of chick development 
following exposure in ovo
 
One way ANOVA showed
hoc test determined a heart rate difference at embryonic day (ED) 14 of development.  
Treatment 0.5 µg/g egg wt was significantly higher t an controls (†) and treatment 2.06 
µg/g egg wt was significantly lower than controls (‡).
 
ate during embryonic development 
er minute, measured at ED10, ED14, and ED18
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s detected at ED 14 at 0.50 µg/g egg wt and 2.06 µg/g 
 
 to a 58-congener PCB mixture. 
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Cardiomyopathies in hatchlings exposed in ovo to the PCB mix  
The percent cardiomyopathies showed a dose-dependent increase across PCB 
treatments when compared to the control groups (Figure 4; p<0.05).  Hearts with multiple 
deformities were not scored for severity of cardiomyopathy; rather they were identified as 
abnormal hearts.  The most prevalent heart abnormality identified in this analysis was an 
absence of the compact layer of the ventricular heart wall (Figure 5).  Additional heart 
abnormalities noted were an absence of the trabeculated layer of the heart wall, 
enlargement of the ventricular chambers, thinning of the ventricular walls, and 
malformation of the septal wall (Figure 5). 
 
Effects of the PCB mix on the compact layer of the ventricular heart wall   
 Chick hearts were analyzed at the four distinct layers for heart width, dept, area, 
compact layer depth, septal width, chamber area, and ventricular wall dimensions 
revealed no differences across treatments (data not shown).  Analysis of the c mpact 
layer in hatchling hearts from treatments 0.30, 0.50, and 0.70 µg/g egg wt, however, 


















Figure 4:  Percent of hatchling hearts with 
following exposure in ovo
 
Chi square test showed a significant effect across treatments at hatch (p<0.05).  The 
trend seen here is that the 
concentration increased. 
 
cardiomyopathies in surviving chicks 
 to a 58-congener PCB mixture. 
p rcent of hearts with abnormalities increased as do e 
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Figure 5:  Histological representation of hatchling hearts compared to controls at 
four morphological transversely sectioned layers in surviving chicks following



































Description of layer identification can be found in material and methods.  Layer 1 
compares normal control heart (A) to enlarged trabeculated layer (TB) of the ventricular 
wall (*) and absence of compact layer (CL) in PCB trea ed heart (B).  Layer 2 compar
normal control (C) to enlarged right ventricular chamber (E) of PCB treated heart (D).  
Layer 3 compares normal control heart (E) to a PCB treated heart (F) with no TL.  Layer 
4 compares a normal control heart (G) to a PCB treaed heart (H) with an enla
aorta.  (CL-compact layer; TL
RW-right ventricular wall; S
chamber/cavity; *-abnormal heart wall morphology). 
-trabeculated layer; LV-left ventricle; RV-














Scores based on presence or absence of compact layer in six zones of the chick hatchling 
heart (two zones in Layers 1, 2, 3: 
Maximum score per heart was six, lowest score recorded was three, hearts averaged by 
treatment in this graph.  One way ANOVA followed by Tukey
significant difference in 0.50µg/g eg





all compact layer scores by treatment in chicken 
 exposure in ovo to a 58-congener PCB mixture.
layers described in materials and methods section).  
’s post-hoc test showed 







Exposure to a PCB mix decreased embryo survival 
 Exposure in ovo to the PCB mix resulted in a dose-dependent decrease in 
survivability at hatch with a calculated LD50 of 0.40 µg/g egg wt (Figure 2).  There was a 
gradual increase in mortality throughout development at PCB mix doses of 0.50 µg/g egg 
wt and higher.  Treatment groups at lower doses showed a trend of increased mortality 
before ED06 and after ED18, with limited mortality between ED7 and ED17 (Figure 1).  
Our data suggest chickens are more sensitive to concentrations of PCB mixtures that 
would occur in the environment when compared to other avian lab models such as 
Japanese quail (Coturnix japonica), which had increased mortality above baseline 7.5 
µg/g egg wt (threshold 3.11µg/g egg wt) using the same congener mixture (Dean et al., 
unpublished).  The differences in sensitivity to this PCB mixture among our chick and 
Japanese quail models is further supported by previous work showing differences in 
sensitivity to PCB congeners between bird species (Head et l., 2008). 
 
Increased cardiomyopathies in hatchlings dosed with PCB mix 
 The PCB mix utilized in this study significantly increased hatchling 
cardiomyopathies in a dose-dependent manner.  Our results concur with observations in a 
wild bird nestling study, which identified cardiomyopathies in passerine nestlings, 
including the house wren (Troglodytes aedon), tree swallow (Tachycineta bicolor), and 
the Carolina chickadee (Parus carolinesis), at a PCB contaminated Superfund site.  In 
this study, hearts from nestlings showed thinning of the ventricular wall, microsurface 
roughness, abnormal heart indices, and changes in overall heart deformities (DeWitt et 
al., 2006).  Separate studies in embryonic chicks exposed to dioxin-like PCBs showed 
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abnormal dilation of the chambers, ventricular wall thinning, and reduced heart rat 
responsiveness to stimuli at ED10 (Kopf and Walker, 2009; Walker and Catron, 2000; 
Heid et al., 2001).  Primary cardiomyopathies identified in our study were abnormal 
ventricular walls, most commonly an absence of the compact layer.  Moreover, we 
observed an absence of the trabeculated layer, in addition to ventricular chamber dilation, 
thinning of the ventricular walls, and septal malformation.  This is a notable finding 
because it begins to isolate specific effects of the PCB mix on the developing heart.  
While previous studies have conclusively shown heart effects in nestlings or at ED10 of 
development, the lethality effect of exposure in ovo in hatchlings was not assessed 
(DeWitt et al., 2006; Kopf and Walker, 2009; Walker and Catron, 2000; Heid et al., 
2001).  Additionally, our study confirms the effects of an environmentally relevant PCB 
mixture, containing both dioxin-like and non-dioxin PCB congeners, identified in egg 
contaminant analysis along the Hudson River (Echols et al., 2004; Custer et al., 2010a; 
Tillitt et al., 2011).  Our study also suggests PCB effects on heart rate, especially 
relatively late in incubation at ED14.  In previous chick embryo studies, dioxin-like PCB 
congeners were linked to a reduced heart rate response to stimuli at ED10 (Kopf and 
Walker, 2009).  While we did not find this effect at ED10, we did confirm cardiac 
arrhythmia later in development.  Dioxin exposed embryos showed decreased 
chronotropic responses to stimuli following in ovo exposure (Sommer t al., 2005; 
Walker and Catron, 2000), suggesting similar effects with PCBs.   
 
Compact layer absence with PCB mix treatment 
Exposure to dioxin-like PCBs has been linked to heart abnormalities in previous 
studies.  The most common heart abnormality identified in both nestling populations and 
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ED10 embryos was a thinning of the ventricular wall (DeWitt et al., 2006; Walker and 
Catron, 2000; Kopf and Walker, 2009).  We found an absence of the compact layer to be 
the most common ventricular wall cardiomyopathy.  The importance of cardiomyocyte 
proliferation as it pertains to compact layer formation has been well documented between 
ED07-15 (Jeter and Cameron, 1971; Kirby, 2006).  Studies categorizing the effects of 
contaminants that act similar to PCBs, such as dioxins, also suggest a decline in 
proliferation rates by ED15 (Walker and Catron, 2000; Kopf and Walker, 2009).  The 
consequence of this developmental defect due to a lack of proliferation during critical
stages of embryonic heart development could cause inhibited myocardial growth, leading 
to myocardial developmental disorders, such as thinning of the ventricular wall and 
absence of the compact layer, or hypertrabeculation.  This occurs in humans, where non-
compaction of the ventricular wall and hypertrabeculation is indicative of ventricular 
dysfunction (Chin et al., 1990).  When chick embryos are exposed to dioxins, reduced 
proliferation rates are observed, further supporting a potential link between PCB 
exposures, reduced cardiomyocyte proliferation, and ventricular wall thinning (Heshel 
et al., 1993; Kopf and Walker, 2009). 
 
PCB mix concentrations and environmentally relevant concentrations 
Our study utilized a 58 congener PCB mix developed from contaminant analysis 
of sandpiper eggs collected along the Hudson River (Echols et al., 1996; 2004; Tillitt et 
al., 2011). Contaminant analysis from eggs collected from the UHR showed wild bird 
populations to have concentrations ranging from 5.9 to 29.5 µg/g egg wt, with variability 
occurring from year to year (McCarty and Secord, 1999; Secord et al., 1999; and Custer 
et al., 2010c).  The PCB mix observed in these populations was obtained from tree 
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swallow eggs that contained 66 primary PCB congeners (Echols et a ., 2004; Tillitt et al., 
2011; Dean et al., unpublished).   While the concentrations utilized in our study are 10-
100 fold lower than wild bird populations, it has been well established that chickens are 
more sensitive to PCB exposure through AhR mediated responsiveness and CYPIA 
induction (Head et al., 2008; van den Berg, et al., 1998; Kennedy et al., 1996; Elliot et 
al., 1997).  By using a highly sensitive model for our experiment, we were able to use 
dose concentrations well below environmental ranges found in wild eggs.  Moreover, this 
dose was sufficient to result in heart effects related to both lethal and non-lethal dose 
concentrations.  This becomes very important in identifying how relevant PCB mixtures 
affect heart development in surviving and non-surviving bird populations. 
 
Future direction 
 Through this study, our lab conclusively determined that exposure to an 
environmentally relevant PCB mixture causes dose-dependent lethality.  In addition, 
embryos taken to hatch showed severe cardiomyopathies, including thinning of the 
ventricular wall, hypertrabeculation, ventricular dilation, arrhythmias, and most
commonly, absences of the compact layer of the ventricular wall.  Future work will 
identify (1) early embryonic stages of cardiac development affected by PCB exposure, 
and determine if these effects are related to (2) proliferation and apoptosis of 
cardiomyocytes, or (3) proteins critical in ventricular wall morphology.  ThePCB mix 
affects heart development in chickens, implicating a decreased overall fitnessin the e 
animals following in ovo exposure.  Future studies should be aimed at determining the 




All research was done under approved protocols by University of Maryland IACUC.  
The PCB mixture was developed at the Columbia Environmental Research Center by DE 
Tillitt, JL Zajicek, and DK Nicks.  Heart analysis was developed by M.K. Walker, 
University of New Mexico.  Many thanks to L. Carpenter, A. Schlappal, K. Duffy, M. 
Bohannon, and N. Thompson for help during necropsies.  The conclusions and opinions 
presented here are those of the authors.  They do not represent the official position of any 
of the funding agencies, the Hudson River Trustees, or the United States of America. 
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THE EFFECTS OF AN ENVIRONMENTALLY RELEVANT 58 CONGENER 
POLYCHLORINATED BIPHENYL (PCB) MIXTURE ON CARDIAC 
DEVELOPMENT AT THREE CRITICAL STAGES OF EMBRYONIC 




Embryonic exposure in ovo to a 58 congener PCB mixture containing relative 
proportions of primary congeners measured in sandpiper eggs collected along the upper 
Hudson River, NY, resulted in observed teratogenic heart defects in chick embryos at 
critical heart developmental stages (Hamburger Hamilton (HH) 10, HH16, and HH20.)  
Embryos were treated with 0.08 and 0.50 µg/g egg wt at embryonic day 0, prior to 
incubation.  Mortality of exposed embryos was increased at all developmental stages, 
with a marked rise in cardiomyopathies at HH16 and HH20 (p< .05).  Heart 
abnormalities occurred across all treatments, including abnormal elongation and 
expansion of the heart tube at HH10, improper looping and orientation, indentations in 
the emerging ventricular wall (HH16, HH20), and irregularities in overall heart shape 
(HH10, HH16, HH20).  Histology was conducted on two cardiac proteins critical to 
embryonic heart development, ventricular myosin heavy chain (VMHC) and titin, to 
investigate potential mechanistic effects of PCBs on heart development, but no difference 
was observed in spatio-temporal expression.  Similarly, cellular apoptosis in the 
developing heart was not affected by exposure to this PCB mixture.  Conversely, 
cardiomyocyte proliferation rates dramatically declined (p<0.01) at HH16 and HH20, 
correlating with increased PCB exposure concentrations.  Early embryonic 
cardiomyocyte proliferation contributes to proper formation of the morphology and 
overall thickness of the ventricular wall.  Therefore, in ovo exposure to a PCB mixture at 




Polychlorinated biphenyls (PCBs) are synthetic compounds made up of a 
biphenyl molecule with one to ten chlorine substitutions.  PCBs were used extensively in 
manufacturing until their ban in 1979.  Because PCBs are lipophilic, bioaccumulative, 
and resistant to degradation, they have become ubiquitous in the environment, 
representing a continuous source of exposure for animals residing in contaminated are s 
(Johnson et al., 2000). PCB mixtures found in the environment have been identified as 
probable carcinogens in animals (Silberhorn et al., 1990; Safe, 1994), linked to serious 
effects of the immune system in non-human primates (Thomas and Hinsdill, 1978), 
reproductive defects in non-human primates and other animals (Barsotti et al., 1976; 
Golub et al., 1991), and endocrine disruption in mammalian, avian, and fish studies (van 
de Berg 1990; Gould et al., 1999).  Furthermore, studies of human populations exposed 
to PCB mixtures indicate neurological effects, including learning deficits, decreases in 
visual recognition, and lower aptitudes on standardized cognitive tests (Jacobson et al., 
1990).   
While some exposure effects are potentially lethal, sub-lethal exposures still may 
confer decreased fitness of surviving animals.  For example, effects of PCBs on 
embryonic heart development and implications of overall health and fitness have recently 
received attention.  Adult passerine birds exposed to multiple environmental 
contaminants, including PCBs, had offspring with cardiac malformations including 
decreased heart index and abnormalities in heart morphology such as ventricular wall 
thinning and abnormal apical shape (DeWitt et al., 2006).  Additional studies in domestic 
chick embryos have shown dioxins and dioxin-like PCB congeners increase ventricular 
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septal defects, overall heart weight, and dilate ventricular cavities when examined on 
embryonic day (ED) 15 of development (Walker et al., 1997; Walker and Catron, 2000).  
Similarly, wild bird (tree swallow) embryos exposed to a single dioxin-like congener 
(PCB77) did not properly form the compact layer of the ventricular heart wall at hatch 
(Carro et al., unpublished).   To elucidate the etiology of the heart defects observed in 
wild birds, we tested an environmentally relevant PCB mixture in the chick embryo to 
determine a lethality curve and investigate potential cardiomyopathies in hatchlings 
(Carro et al., unpublished).  This mixture contained 58 congeners in relative proportions 
of primary congeners measured in sandpiper eggs collected along the upper Hudson 
River (UHR), NY (Tillitt et al., 2011).  Based on the results of our chick study, two doses 
of the 58-congener PCB mixture (PCB mix) were selected for low dose (0.08 µg/g egg 
wt) and high dose (0.50 µg/g egg wt) treatments.  
An important limitation of previous studies on PCB heart effects is confounding 
factors operating in tandem in wild bird exposures.  While many wildlife studies have 
been comprehensive and elegant, they have usually occurred at Superfund sites with 
different Aroclor mixture exposures, varying concentrations of maternal deposition into 
eggs, and fluctuating annual PCB exposure rates (Ankley et al., 1993, DeWitt et al., 
2006, Custer et al., 1998; 2000; 2002; 2003).   The variation of environmental conditions 
makes the determination of specific effects of local PCB mixtures difficult in wild bird 
populations.  Extensive measurement of PCB congener concentrations in eggs, embryos 
that did not survive, and nestlings have been sampled from the UHR; however, cardiac 
morphology has not been examined (Secord et al., 1999; Custer et al., 2010 a,b,c, and d).  
We propose that non-surviving embryos impacted by PCB exposure effects, ultimately 
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leading to mortality, may be the result of developmental impairment of the cardiov scular 
system.  The chicken embryo provides an ideal model for studying effects of 
environmental contaminants on embryonic heart development.  The chicken egg is a 
closed system model, the developing heart is very similar to mammalian species, PCB 
mechanism of action in birds has been identified (Kennedy et al., 1996) and chicken 
embryonic development has been well categorized in recent years (Bellairs and Osmond, 
2005).  Therefore, the purpose of this study was to investigate developmental periods in 
which heart development is most sensitive to PCB exposure while limiting environmental 
variation in a lab model, the chick embryo. 
Our previous study documented cardiomyopathies in chick hatchlings following 
exposure to the PCB mix (Carro et al., unpublished).  The most prevalent abnormality 
was an absence of the compact layer of the ventricular heart wall.  PCBs also affected 
heart wall morphology overall, particularly in the ventricles.  Ventricular myosin heavy 
chain (VMHC) protein was identified as a potential target protein for PCB exposure 
because it is essential for developing the structural integrity of the heart wall during 
differentiation (Bourke et al., 1991; Bisaha and Bader 1991; Bandman and Rosser, 2000; 
Somi et al., 2006).  A second protein, titin (connexin in mammals), was identified as a 
potential PCB target because of its role in the development of proper myofibril 
orientation and its expression during early embryonic heart formation (Tokuyasu and 
Maher, 1987).  Additionally, phospho-histone-H3 (pHH3) was the protein identified to 
study cardiomyocyte proliferation, which is essential to proper compact layer formation, 
the most prevalent heart defect in the chick hatchling study (Jeter and Cameron, 1971; 
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Tapia et al., 2006).  Finally, apoptosis was examined using a TUNEL assay to detect cell 
death in the heart at critical stages of embryonic development (Schaefer et al., 2004). 
Although previous work has shown a correlation between PCB exposure and 
heart defects in hatchlings, the stages of embryonic development in which effects first 
manifested have not been identified.  Taking into account a low and high concentration 
PCB dose and potential target proteins, we now show that PCBs affect embryonic heart 
development at very early stages, Hamburger Hamilton stage (HH) 10, HH16, and HH20 
(Hamburger and Hamilton, 1951).  Additionally, we now report decrease in proliferation 
of the heart field following PCB exposure in chicken embryos.  
 
Materials and Methods 
 
Egg injections  
Fertile broiler chicken (Gallus domesticus) eggs were purchased from Allen’s hatchery 
(Seaford, DE).  The PCB mix was made up of primary PCB congeners prepared in the 
relative concentrations found in sandpiper eggs collected at the UHR.  The mixture was 
prepared by the USCG Biochemistry and Physiology Branch (Tillitt et al., 2011). The 
PCB mix was solubilized in activated charcoal-stripped corn oil (Dean et l., 
unpublished) at two concentrations:  0.08 and 0.50 µg/g egg wt.  Both a charcoal-stripped 
corn oil vehicle treatment and untreated eggs served as controls.   
Eggs were weighed at ED0 and grouped randomly to have egg weights evenly 
distributed across treatments (n=20 eggs/treatment).  Treatments were administered as 
follows: the egg was swabbed with alcohol and a small hole was drilled into the side of 
the egg using a sterile Dremel bit (Dremel Co, Racine, WI).  Injection volume was 
calculated for each egg and a total of 0.9-1.11 µl (based on egg wt) was administered into 
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the hole using a reverse displacement pipettor (Rainin Instrument LLC, Oakland, CA).  
Eggs were sealed with melted paraffin wax and incubated (air cell up) at 37ºC and 65% 
humidity. 
Embryo collections 
Embryos were staged based on HH staging criteria; number of paired somites and 
visible morphological differences between stages (Hamburger and Hamilton, 1951).  
Embryos were collected at HH10, HH16, and HH20.  Unfertile eggs were not included 
and fertile eggs with dead embryos at the time of embryonic harvest were reco ded only 
for mortality data.  Embryos were stained using India ink and visualized under a stage 
microscope (Wild M3Z Type S, Heerbrugg, Switzerland).  Embryos were then harvested 
off of the yolk, transferred to Ringer’s solution and trimmed.  For HH16 and HH20 
embryos, the thoracic region and extraneous membranes were removed to facilitate 
penetration of antibodies.   
Embryo fixation and immunohistochemistry 
Fresh embryos were rinsed in 1x phosphate-buffered saline (PBS) and transferred 
to 4% buffered paraformaldehyde (PFA) solution overnight.  Embryos were then washed 
in 1xPBS and prepared for immunohistochemistry immediately to detect VMHC and titin 
in whole mount.  Additional detection of VHMC, titin, and pHH3 was completed on 
serial transverse sections of the heart region to determine spatio-temporal protein
expression and cardiomyocyte proliferation in the heart field.  Transverse section  were 
obtained serially at a thickness of 14 µm (Wu et al., 2011).   The spatial distribution of 
VMHC and titin were assessed using anti-VMHC and anti-titin primary antibody 
supernatant (Developmental Studies Hybridoma Bank, Iowa University). 
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VMHC Immunohistochemistry:  Following fixation in 4% PFA, embryos were washed 
with 1xPBS.    Embryos were blocked in 10% heat-treated sheep serum (HT ss) in PBS 
containing 0.1% Tween-20 (PTW).  Anti-VMHC antibody (1:100 in 5% HT ss in PTW) 
was added and the embryos were incubated at 4ºC overnight.  Primary antibody was 
washed off with PTW and Alexa-Fluor-488 secondary antibody (goat anti-mouse IgG1-
488; Molecular probes, 1:200) was diluted in 5% HT ss in PTW and incubated at 4ºC 
overnight.  The embryo was washed in PTW and imaged on an inverted microscope 
(Zeiss AxioObserver.Z1, Carl Zeiss, Inc., Thornwood, NY), with images captured using 
the AxioCam HRc and Axiovision software (Carl Zeiss, Inc., Thornwood, NY). 
Titin immunohistochemistry:  Following fixation and wash in 4% PFA and 1xPBS 
respectively, embryos were blocked in 0.1% Triton X-100 in 1x PBS-A (0.02% sodium 
azide, 0.01M glycine, and 0.002% Triton X-100 solubilized in 1xPBS) overnight at 4ºC.  
An enzymatic procedure ensued for 30 min at room temperature (2,000 U/ml 
Hyaluronidase in PBS-A).   Anti-titin antibody (1:50 in 5% HT ss in PBS-A) was added 
and embryos were incubated overnight at 4ºC.  Primary antibody was washed off in PBS-
A and AlexaFluor 594 secondary antibody (goat anti mouse-IgM-594, Molecular Probes; 
1:200) was diluted in PBS-A and incubated overnight at 4ºC. The embryo was washed in 
PBS-A and imaged on an inverted microscope (protocol adapted from Tokuyasu and 
Maher, 1987) as described above. 
pHH3 immunohistochemistry:  Phospho-histone H3 immunochemistry was performed on 
sections according to the protocol of Wu et al. (2011).  Briefly, mounted sections were 
incubated in a primary antibody concentration of 1:500 in PTW (Millipore Ser10, 
Billerica, MA), sections were washed, then incubated with a secondary antibody used 
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was AlexaFluor 594 (goat anti rabbit IgG-594) at a concentration of 1:200 in 5% HT ss in 
PTW.  Sections were rinsed, cover-slipped with Fluoromount G (Fisher Scientific, 
Pittsburg, PA), and imaged on an inverted microscope as described above. 
TUNEL assay 
The TUNEL procedure was used to detect apoptotic cells (in situ cell death 
detection kit fluorescein, Roche Applied Sci, IN).  Sections were degelatinized and post-
fixed in 4% PFA.  Following a wash in 1xPBS, sections were permeabilized, reacted, nd 
incubated according to instructions (Roche Diagnostics, Mannheim, Germany).  All 
sections were DAPI (4’,6-diamidine-2-phenylidole-dichloride) stained to identify cell 
nuclei, rinsed in PTW, and mounted using Fluoromount G (Fisher Scientific, Pittsburg, 
PA).  Four embryos per stage for each treatment were analyzed (n=4). 
 
Identification of cardiomyopathies, cell counts, and heart field area 
  Cardiomyopathies were identified and recorded during whole mount imaging and 
confirmed by analysis of cross sections.  Serial images were captured from at least 7 
embryos per treatment and the average numbers of pHH3 positive cells (nucleus 
identified by DAPI staining) in the heart field was recorded (heart field identified by 
VMHC staining).  The mean number of proliferating cells per treatment (averaged across 
serial sections) and standard error was calculated, and significant differences between 
treatments were analyzed using a one-way ANOVA and Tukey’s post-hoc test.  The area 
of the heart field was measured across serial sections and captured from embryos for each 
treatment.  The average area across sections was used to calculate mean area per 
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treatment and standard error.  Measurements were taken using ImageJ 1.43 U software 
(NIH, Bethesda, MD).  
Statistical analysis 
 Significant differences in mortality and cardiomyopathies across treatments were 
analyzed by a one-way ANOVA and a Tukey’s post-hoc test.  Proliferative, apoptotic, 
and heart area differences were determined using a one-way ANOVA and a Tukey’s 
post-hoc test.   
Results 
Embryo survival and cardiomyopathies  
Significant embryonic mortality was observed in PCB mixture-exposed embryos 
(Figure 1, HH16 and HH20).  Cardiomyopathies were observed in whole mount and 
confirmed in sections across all treatments, with significantly more abnormalities t the 
high dose of HH16 and the low dose of HH20 (Figure 2).  Heart abnormalities included 
elongation (Figure 3B) and shortening of the heart tube (Figure 8B,C) (HH10, 16, 20), 
improper looping (Figure 3H: Figure 8) and orientation (Figure 3E) of the heart (HH16, 
20), and irregularities in heart wall morphology (Figure 3C, I: Figure 8E,F,I) (HH10, 16, 
20), with abnormalities identified across all treatments. 
 
VMHC protein immunohistochemistry 
Whole mount immunohistochemistry, followed by transverse sectioning, showed 
VMHC expression throughout the developing chick heart at HH10 (Figures 3, 4).  At 
HH16 and 20, VMHC distribution was prevalent in the differentiating ventricular 
chamber and expressed to a lesser degree in the differentiating atrial chamber (Figures 3, 
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5, 6).  This expression pattern was expected, as described previously (Bourke et al., 
1991).  There was no difference in spatio-temporal expression of VMHC following PCB 
treatment. 
 
Titin protein and immunohistochemistry 
Whole mount immunohistochemistry, followed by transverse sectioning (Figure 
8, transverse sections not shown) showed titin expression at HH10 throughout the 
developing chicken heart.  At HH16 and 20, titin was expressed throughout the 
developing heart, in both differentiating chambers, and was distributed as striations n the 
developing somites (micrographs not shown).  This expression was expected as described 
previously (Greaser, et al., 1985). 
 
Measurements of cellular proliferation and apoptosis 
Average proliferation rates of cells (Figure 7) within the heart field by pHH3 
immunostaining in transverse sections revealed no difference in proliferation es in the 
heart at HH10 (Figure 4; white arrowheads indicate proliferating cells in the heart field) 
but a significant decrease at HH16 and HH20 (Figures 5, 6; white arrowheads indicate 
proliferating cells in the heart field) in PCB treatment groups.  Apoptosis rates within the 













Figure 1:  Percent survival of domestic chicken embryos at HH10, HH16, and HH20 





One-way ANOVA showed no differences across treatments at HH10.  There was a 
significant effect of PCB mixture exposure in chick embryos on 






















Figure 2:  Percentage of hearts with normal morphology in surviving chicken 
embryos at HH10, HH16, and HH20 following PCB 
 
One-way ANOVA did not reveal a difference across treatmnts at HH10 following 
exposure to the PCB mixture.  There was a significant increase in cardiomyopathies 
when compared to the control group in the high dose at HH16 and in the low dose at 
HH20 (Tukey’s; p<0.05).  Note: untreated and vehicle groups were combined in this data 























Figure 3:  Whole mount immunohistochemistry of 
in the developing heart in surviving chicken 
following PCB exposure.
 
VMHC protein distribution across treatments at each stage showed no difference in 
spatio-temporal expression (images captured using 5x objective).  HH10 embryos (A), 
(B), and (C) are control, low dose, and high dose treatments, respectively.  HH16 
embryos (D), (E), (F) are control, low dose, and high dose treatments, respectively.  
HH20 embryos (G), (H), (I) are control, low dose, and high dose, respectively.  Single 
arrowheads in (B), (C), (F), and (I) indicate cardiomyopathies.  Looped arrowhead in 
(E) and (H) indicate improper looping pattern and orientation.  Abnormalities and 











Figure 4:  Ventricular myosin heavy chain and phospho
distributions at HH10 in the heart of
 
Transverse sections taken through the chick embryo at HH10 following whole
immunohistochemistry for VMHC protein; (A), (E), (I.  
proliferating cells (B), (F), (J).  DAPI (40, 6
staining (blue) of (A,E,I) to mark cell nuclei; (C), (G), (K).  Merge images; (D), (H), (L).  
White arrows indicate cardiomyopathies (heart abnormalities) while white arrowheads 







 the developing chicken embryo.
) PHH3 staining of (A,E,I) to mark 
-diamidine-2-phenylidole-dihydrochloride) 







Figure 5:  Ventricular m
distributions at HH16 in the heart of the developing chicken embryo.
 
 
Transverse sections taken through the chick embryo at HH10 following whole
immunohistochemistry for VMHC protein; (A), (E), (I. 
proliferating cells (B), (F), (J).  DAPI (40, 6
staining (blue) of (A,E,I) to mark cell nuclei; (C), (G), (K).  Merged images; (D), (H), (L).  
White arrows indicate cardiomyopathies (heart abnormalities) while white arrowheads 
denote proliferating (PHH3
10x objective. 
yosin heavy chain and phospho-histone-H3 protein 
)  PHH3 staining of (A,E,I) to mark 
-diamidine-2-phenylidole-dihydrochloride
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Figure 6:  Ventricular m
distributions at HH20 in the heart of the developing chicken embryo.
 
Transverse sections taken through the chick embryo at HH10 following whole
immunohistochemistry for VMHC
proliferating cells (B), (F), (J).  DAPI (40, 6
staining (blue) of (A,E,I) to mark cell nuclei; (C), (G), (K).  Merged images; (D), (H), (L).  
Prime letters (‘) are identical sections taken of the left chamber of the developing heart.  
White arrows indicate cardiomyopathies (heart abnormalities) while 
are examples of proliferating cells in the heart.  Images were captured using a 10x 
objective. 
yosin heavy chain and phospho-histone-H3 protein 









Figure 7:  Average number of proliferating cells within the heart field in surviving 




One-way ANOVA showed no significant effects across treatm nts at HH10.  There was a 
significant effect in the average number of proliferating cells in the heart field at HH16 
and HH20.  Tukey’s post-
when compared to control (p<0.05) at HH16 and at HH20 between control:low dose and 
control:high dose (‡) (p>0.001). 
 
 to PCB mixture.







Figure 8:  Whole mount immunohistochemistry of Titin in the developing heart in 
surviving chicken embryos at 
 
 
Titin protein distribution across treatments at each stage showed no difference in spatio
temporal expression (images captured using 5x objective).  HH10 embryos (A), (B), and 
(C) are control, low dose, and 
(E), (F) are control, low dose, and high dose treatments, respectively.  HH20 embryos 
(G), (H), (I) are control, low dose, and high dose, r spectively.  Single arrowheads in (B), 
(C), (E), (F), and (I) indicate cardiomyopathies.  Looped arrowhead (H) indicates 
improper looping pattern and orientation.  Abnormalities and incorrect looping pattern 




HH10, HH16, and HH20 following PCB exposure.









PCB mixture affects survivability 
Decreased survival occurred with PCB mixture exposure in chick embryos at 
HH16 (0.50 µg/g egg wt) and HH20 (0.08 and 0.50 µg/g egg wt) (Tukey post hoc, 
p<0.05).  Our previous hatchling study showed a similar percent survival at the low dose 
(Carro et al., unpublished).  Although hatchling survival was not significantly lower in 
the previous study, there were fewer individuals than in this current study, attributing to 
this statistical difference.  The range of survivability of controls was similar to those 
observed in other chick embryos studies (Brunstom and Danerud, 1983; Brunstrom and 
Orberg, 1982, Henshel 1993).  Furthermore, the decrease in survival following PCB 
mixture exposure in this study is consistent with other avian studies using different 
mixtures (Gilbertson et al., 1991; Peakall et al., 1973; Anne et al., 1980; Barron et al., 
1995).   
 
PCB mixture impacts on heart development 
 Exposure to a PCB congener mixture affected normal heart development as early 
as HH10, with significant cardiomyopathies by HH16 and HH20.  These data support 
previous studies using dioxin-like PCBs in which the chicken embryo was shown to have 
thinner ventricular walls and cardiac dilation at later stages of development (Kopf and 
Walker, 2009).  The authors also compared piscine and murine embryos, which displayed 
teratogenic effects of the developing heart following exposure (Kopf and Walker, 2009).  
Additionally, studies conducted on wild bird nestlings at a PCB-contaminated site in 
Indiana further support our observations.  In that study, environmentally exposed 
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passerine nestlings had evidence of thinning ventricular wall, microsurface roughness, 
abnormal heart indices, and changes in overall heart shape.  Additionally, up to 30% of 
the surviving nestling populations had visible heart deformities (DeWitt et al., 2006).  
Exposure to PCBs in songbirds also affected heart development (Henshel and Sparks, 
2006).  Our data suggests that PCBs can affect heart development as early as HH10.  
Interestingly, it has been shown that TCDD, a dioxin with a similar chemical structure to 
PCBs, affected heart development as early as HH16 (Ahlborg et al., 1993; Henshel et al., 
1993; 1994; Van den Berg et al., 1998; Elliot et al., 1996; Head et al., 2008).   
 Importantly, our data reveals that PCBs show a consistent, dose-related response 
at HH10 and HH16 associated with heart abnormalities.  Higher concentrations of txins 
lead to more detrimental effects on heart development (Stickel et al., 1997).  Conversely, 
by HH20 our data reveals a higher percent of cardiomyopathies in our low dose 
(0.08µg/g egg wt) over our high dose (0.50 µg/g egg wt).  This could be due to the fact 
that there was lower survival in high dose embryos at HH20.  It is important to relate 
mortality or lethal dose with sub-lethal effects.  The survivability of embryos at HH20 
was 56% in the high dose and 65% in the low dose (a difference of 11%), while the 
percent cardiomyopathies in the high and low doses were 38% and 50%, respectively (a 
difference of 12%).  Therefore, there are a greater number of low dose (0.08 µg/g egg 
wt)-surviving embryos may account for the higher detection of cardiomyopathies 
compared to the high dose treatment (0.50 µg/g egg wt) at HH20.  This has been 
observed in other studies in which a lower percentage of abnormalities in a high dose 
may be attributed to the increase in mortality of the high dose following treatment 
(Calabrese and Baldwin, 2002).  In risk assessments, the lethal effect of exposur  d es 
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not account for sub-lethal teratogenic effects, as suggested by this apparent disparity in 
the cardiomyopathy data (Davis and Svendsgaard, 1990).  Therefore, the higher percent 
cardiomyopathies identified in the low dose of the HH20 embryos, although not 
consistent with dose concentration effects, can be interpreted as a sub-lethal tera ogenic 
effect. 
 
Spatio-temporal expression of proteins of interest 
 Exposure to the PCB mixture did not affect expression of VMHC or titin proteins.  
VMHC protein was expressed in the heart tube at HH10 and in the looped heart tube at 
HH16, with a diminished expression pattern in the atria at HH16.  By HH20, when atrial-
ventricular chamber differentiation was complete (Hamburger Hamilton, 1951), 
expression was still prevalent in the differentiated ventricle, but greatly diminished in the 
atrial chamber.  This expression pattern is similar to observations in previous studies 
(Gonzalez-Sanchez and Bader, 1984, 1985; Sanders et al., 1986; Evans et al., 1988, 
Bourke et al., 1991).  Titin protein was expressed throughout the heart at all stages 
examined; HH10, 16, and 20.  In addition, titin was visible in striations within the 
somites at these stages (data not shown).  The distribution pattern in the heart and somites 
was similar to previous observations (Wang and Greaser, 1985; Wang et l., 1988; 
Trombitas et al., 1997).  VMHC and titin did not show abnormal patterns of expression at 
HH10, HH16, and HH20; however, the identification of heart abnormalities and 
decreased cardiomyocyte proliferation were present at these stages.  This ugge ts 
VMHC and titin were not potential target proteins for PCB exposure at these stages of 
embryonic heart development (Somi et al., 2006; Kirby, 2006). 
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PCBs mixtures impacts rates of cardiomyocyte proliferation, but not cardiac apoptosis 
 Our study showed reduced proliferation of cardiomyocytes at HH16 and 20, but 
no change in rates of apoptosis at any stage studied.  Cellular proliferation is essential to 
proper heart formation.  During middle stages of embryonic development (HH31-HH41), 
the cardiomyocytes orient themselves into a compact layer that is highly proliferative and 
a trabeculated layer that has a much lower rate of proliferating cells (J ter and Cameron, 
1971; Kirby 2006).  Myocardial cells, predominantly in the compact layer, proliferate 
until hatch in chicks (Kirby, 2006), with ventricular wall rates of proliferation peaking 
during these middle stages of development (Rychterova, 1971, 1976).  When 
proliferation does not occur, myocardial growth is inhibited, usually leading to 
myocardial developmental disorders.  In humans, noncompaction of the ventricular wall 
was identified as a disorder that could be linked to further ventricular dysfunction (Chin 
et al., 1990).  The morphological thinning of the ventricular wall in nestlings and avian 
embryos could be explained by the reduced rates of proliferation seen in this study 
(DeWitt et al., 2006; Kopf and Walker, 2009).  This idea is further supported by 
observations of reduce proliferation rates in chicken embryos exposed to dioxins 
(Henshel et al., 1993).    
 
Future direction 
 Through this study, we have identified three critical stages of embryonic heart 
development that are affected by PCB exposure.  The cardiomyopathies identifie at 
these early stages are possible precursors for abnormalities in heart morphology seen in 
previous studies at later stages of development, in nestlings and in adult birds.  The 
identification of myocardial proliferation as a target for PCB exposure makes it possible 
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to focus on the understanding of the molecular mechanisms affected by PCB exposure 
such as (i) those underlying myocardial growth and proliferation, (ii) factors linked to 
ventricular wall abnormalities such as non-compaction and hypertrabeculation, and (iii) 
the gene and protein expression of these factors in the heart field at early embryonic 





The PCB mixture was developed at the Columbia Environmental Research Center 
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PCB mixtures are ubiquitous in the environment, with some congeners having 
high biological toxicity in certain avian species.  These compounds are linked to a variety
of adverse health effects and have been thought to impact cardiovascular development.  
Because of their persistence in the environment and bioaccumulative properties, thes  
compounds still pose a great exposure risk for developing embryos.  The purpose of this 
research was to determine the effects of in ovo exposure to a PCB mix and PCB 77, both 
present (ubiquitous) at a Superfund site along the upper Hudson River, on avian 
cardiovascular development. 
 
Summary of results 
The data collected in this dissertation demonstrated that exposure in ovo to 
polychlorinated biphenyls (PCBs) adversely affect cardiovascular development in two 
avian species, tree swallows (Tachycineta bicolor) and chickens (Gallus domesticus).  As 
such, there is a clear correlation between PCB exposure and cardiomyopathies 
demonstrated for both species. 
 The tree swallow experiment (Chapter 2) dosed wild bird embryos from two 
reference sites at 18% of embryonic development (ED2.5) with a single dioxin-like 
congener, PCB 77, at two doses; 100 and 1,000 ng/g egg wt.  The treated groups were 
compared to controls, and also to environmentally exposed embryos collected from a 
contaminated site along the upper Hudson River.  PCB 77 did not affect hatchling 
viability and survival at any dose compared to controls.  Hatchling hearts showed n  
difference in heart wet weight, heart index, or morphological measures.  However, this 
study revealed that in chicks exposed to PCB 77, there was a significant absence 
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(p<0.001) of the dorsal and ventral compact layers in the 100 and 1,000 ng/g egg wt PCB 
77 dose along the heart ventricular wall compared to the controls.   
 In the chick hatchling experiment (Chapter 3), fertile eggs were dosed at 
embryonic day 0 (prior to incubation) with a 58 congener PCB mix at the following 
doses: 0.0, 0.03, 0.08, 0.30, 0.50, 0.70, and 2.06 µg/g egg wt.  Hatching success 
decreased with PCB treatment dose-dependently (p<0.05) and the calculated LD50 for 
hatchlings was 0.40 µg/g egg wt.  Chick embryo heart rates were significantly different at 
0.50 and 2.06 µg/g egg compared to control groups (p<0.05) and percent 
cardiomyopathies in hatchlings showed a dose-dependent increase across PCB treatments 
when compared to controls (p<0.05).  The most common heart abnormality observed was 
an absence of the compact layer of the ventricular wall. 
 The objective of the early embryonic chick experiment (Chapter 4) was to 
examine very early developmental effects of the PCB mix, particularly relative to impacts 
on heart development at Hamburger Hamilton (HH) stages HH10, HH16, and HH20.  We 
observed decreased survival of treated embryos and detected cardiomyopathies at all 
stages across all treatments, with significant differences at HH16 and HH20 compared to 
controls.  There was no difference in spatio-temporal expression of ventricular myosin 
heavy chain and titin proteins across treatments.  Average rates of proliferati n in the 
heart decreased significantly at HH16 and HH20 in PCB treatments but rates of apoptosis 
were not affected at any HH stage.  
 
Implications of heart defects 
The PCB mix and the single congener, PCB 77, both significantly increased 
cardiomyopathies in chicks and tree swallows, respectively.  While the PCB mix showed 
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a broad spectrum of morphological abnormalities in chicks, both species experienced 
deleterious effects on the ventricular wall compact layer.  Compact layer abs nce in the 
ventricular wall corroborates previous reports from avian exposure studies to dioxin-like 
compounds, which identified abnormal thinning of the ventricular wall as a common 
heart abnormality (DeWitt et al., 2006; Walker and Catron, 2000; Kopf and Walker, 
2009).  As the heart develops, cardiomyocytes orient themselves as trabeculated layer in 
what will give rise to the ventricles and during the middle stages of embryonic 
development the compact layer forms and becomes highly proliferative, adding thickness 
to the ventricular wall of the heart (Jeter and Cameron, 1971; Rychterova, 1971; Kirby, 
2006).  Our study showed a reduction in early embryonic heart proliferation, suggestin 
exposure to PCBs could impact normal ventricular wall formation as early as HH16.  
Interestingly, there may be a parallel absence of the compact layer that occurs in humans, 
which results from noncompaction and hypertrabeculation of the ventricular wall in one 
or both ventricles (Chin et al., 1990).  This cardiomyopathy, a myocardial developmental 
disorder, carries a risk of progressive cardiac dysfunction including arrhythmias, systemic 
embolism, and myocardial infarctions, all of which can be lethal (Kirby, 2006).  In wild 
birds, noncompaction or compact layer absence can reduce individual overall fitness, as 
cardiovascular requirements in avian species intensify during periods of extend d flight 
such as foraging, behavioral reproductive displays, and migration (Butler et al., 1977; 
2001).  In short, in ovo exposure to PCBs resulted in abnormal compact layer formation 
in tree swallows and chicken hatchlings, which is likely to lead to a progressive reduction 
in the overall fitness of individuals. 
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 Interestingly, reduced proliferation during early embryonic heart development 
appears to be the first abnormality in heart development associated with the 
morphological differences in compaction of the ventricular wall identified in our study of 
hatchlings with the ventricular wall thinning seen in adult wild birds (DeWitt et al., 
2006).  Our findings support previous studies that showed reduced proliferation in 
developing embryos exposed to dioxins, which have similar chemical structures to 
coplanar PCBs (Kopf and Walker, 2009).  PCBs have been shown to reduce proliferation 
in other tissues besides the heart, including human breast tumor cells, through 17-beta 
estradiol stimulated inhibition of cellular proliferation (Oenga et l., 2004).  Further, the 
reduced proliferative effects through estrogen-like inhibition can be further exacerbated 
by perturbation of insulin-like growth factors (Dhar et al., 2007).  Furthermore, there is a 
link between inhibition of insulin-like growth factors and reduced cardiomyocyte 
proliferation (McDevitt et al., 2005).  This suggests that PCB effects on cardiomyocyte 
proliferation may be linked to inhibition of essential factors, such as insulin-like growth 
factors.  Future work in this area may identify the cause of reduced cardiomyocyte 
proliferation following PCB exposure. 
Beyond noncompaction of the ventricular heart wall, additional cardiomyopathies 
were identified in PCB exposed chick hatchlings including thinning of the ventricular 
wall, obliteration of the trabeculated layer, hypertrabeculation, left and right ventricular 
hypertrophy, septal malformation, and cardiac arrhythmias.  These abnormalities appear 
similar to PCB effects observed in passerine nestlings and chick embryos, which included 
thinning of the ventricular wall, chamber dilation, reduced chronotropic responses, 
microsurface roughness, abnormal heart indices, and overall gross heart deformities 
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(Walker and Catron, 2000; Heid et al., 2001; DeWitt et al., 2006; Kopf and Walker, 
2009).  Congenital cardiovascular malformations (CCVMs), including the cardia 
abnormalities affected by PCB exposure, occur in 1% of live human births.  It has been 
estimated that 15% of infants with identified CCVMs will die in the first year of life 
(Jenkins et al., 2007).  Environmental contaminant estimations suggest that 13-30% of all 
CCVMs might have been avoided by elimination of known environmental risk factors, 
such as embryonic exposure to organochlorides (PCBs) (Wilson et al., 1998).  
Development of the avian heart is similar to that in humans (Kirby, 2006).  As such, 
exposures to environmental contaminants such as PCBs have been shown to contribute to 
cardiomyopathies at hatch. The effects of PCB exposure on the cardiovascular system 
determined cardiomyopathies that carry a risk for progressive cardiac dysfunction, 
ultimately suggesting decreased overall fitness and increased risk of early mortality in 
avian neonates (Chin et al., 1990). 
 
Limitations in avian risk assessments 
 Environmental risk assessments are performed to determine the probability of a 
harmful effect on individuals or populations, through evaluations of quantitative and 
qualitative hazards on biology and ecology, following exposures to particular 
environmental contaminants.  Risk assessments are determined through hazard 
identification, dose-response analysis, and exposure assessments.  In the United States, 
the Environmental Protection Agency (EPA) requires dose-response analyses to be 
performed by determining the relationship between dose and the probably incidence of a  
effect in specified animal species.  These data are then extrapolated from experimental 
animals to humans and wildlife at risk for exposures.  In developing these extrapolations, 
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the EPA integrates estimations for variability between individuals, populations, species, 
and susceptible populations.  While this approach is currently the best way to perform 
risk assessments, the variability among avian species following PCB exposure makes risk 
assessment predictions very challenging. 
 PCBs are found in the environment as mixtures of congeners, with mixtures 
varying in concentrations of congener compounds between species and exposure sites.  
To predict biological impact, the World Health Organization established toxic 
equivalency factors (TEFs) for twelve dioxin-like PCB congeners that are biologically 
toxic (van den Berg et al., 1998).  These TEFs are then used to calculate toxic 
equivalency (TEQ), which is a standard measurement that enables comparisons between 
mixtures based on dioxin activation of the aryl hydrocarbon receptor (AhR).  In 
mammalian species, TEQs are used effectively to predict PCB toxicity, however these 
measurements may not be as useful in avian species (van den Berg et al., 2005). 
 Contaminant analysis of tree swallow eggs and nestlings from the upper Hudson 
River (UHR) in the 1990’s had mean PCB concentrations ranging from 721-62,200 ng/g, 
with a TEQ range of 0.41-25.4 ng/g (Secord et al., 1999).  In 2008, analysis of tree 
swallow eggs from the UHR had concentrations ranging from 2,400-12,000 ng/g egg wt, 
with a TEQ range of 0.76-3.8 ng/g egg wt.  Notably, the variability of mean PCB 
concentrations and TEQs in a single species speaks to the difficulty of risk asse sments 
for wild bird populations.  Measurements of PCB congeners in wild bird eggs suggested 
that the highly toxic congener, PCB 77 could be responsible for decreased survival in 
wild birds (Echols et al., 1996; Custer et al., 2010d).  In our tree swallow study, we tested 
two PCB 77 doses: 100 and 1,000 ng/g egg wt with TEQs of 5 and 50 ng/g respectively, 
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to determine if PCB77 decreased survival to hatch.  Based on the established TEQs, we 
hypothesized significant increases in mortality at the 1,000 ng/g egg wt PCB 77 treatment 
(van den Berg et al., 1998).  However, we did not observe an effect of PCB 77 on 
survival at any dose.  These data suggest a limitation in risk assessment predictions based 
on TEQs alone (Table 1). 
Table 1:  PCB concentrations and TEQ values in tree swallow eggs and 
nestling studies 
PCB Exposure [PCB] (ng/g) TEQ (ng/g) 
UHR mixa 721-62,200 0.41-25.4 
UHR mixb 2,400-12,000 0.76-3.8 
PCB 77c 100 5 
PCB 77c 1,000 50* 
 TEQs were determined using World Health Organization calculations and 
TEFs for avian species (van den Berg et al., 1998).  PCB contaminant 
analysis in tree swallow eggs and nestlings along the upper Hudson River 
determined PCB exposures from (a): Secord et al. 1999 and (b): 2008 
contaminant egg analysis, unpublished.  (c): PCB 77 concentrations 
selected for tree swallow injection study. (*): PCB high dose (1,000 ng/g) 
was outside the range of environmentally relevant TEQs, dose hypothesized 
to affect survival. 
 
Further support for the limitations of TEQs in assessing risk for endocrine 
disrupting chemicals was obtained in a study in which we dosed exposed chicks to a 58 
congener PCB mix at concentrations ranging from 30-2,060 ng/g egg wt, with TEQs 
ranging from 0.004-0.266 ng/g (van den Berg t al., 1998).  The LD50 for this PCB 
mixture in chick hatchlings was calculated to be 400 ng/g egg wt with a TEQ of 0.052 
ng/g (see appendix).  Previous studies using cell cultures following exposures to dioxin 
and PCB 126 determined the LD50 TEQ in chicks was 0.18 and 1.1 ng/g, respectively 
(Kennedy et al., 1996; Head and Kennedy, 2008).  Based on these data, the LD50 of the 
58 congener PCB mix should be between treatments 700 and 2,060 ng/g egg wt, using 
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TEQ calculations of 0.90 and 0.266 ng/g, respectively (Table 2).  However, this is not 
what we observed in our study, suggesting that the TEQ does not fully consider critical 
deleterious biological activities of non-AhR active compounds.  The lack of predictability 
of the TEQ calculation for this PCB mix in chicks is further support of the limitations of 
TEQs and TEFs in avian populations. 
Table 2:  TEQs at 50% population lethal dose in chickens calculated for 
various contaminants and mixtures. 
Avian Species Contaminant 
LD50 TEQ    
dose (ng/g) 
Chickena PCB 126 1.1 
Chickena Dioxin (TCDD) 0.18 
Chickenb 58 congener mix 0.052 
 TEQs were determined using World Health Organization calculations and 
TEFs for avian species (van den Berg et al., 1998).  Lethal dose for 50% of 
test populations (LD50) was calculated on a TEQ basis for comparison.  
Data presented are from (a): Kennedy et al., 1996 and (b): 58-congener 
PCB mix presented in this dissertation (see appendix for composition).  
TEQs established for all three contaminants are not consistent using World 
Health calculations.    
 
 To further complicate risk assessments in birds, there are several critic sources 
of uncertainty in determining avian effects that make extrapolating research d ta difficult.  
The main source of uncertainty regarding PCB effects in birds is interspecific var ability 
of sensitivity or variability in effects between species.  There is a bro d spectrum of 
biological toxicity following PCB exposure in birds, leading classifications of species 
based on sensitivity testing through the activation of the AhR pathway (Kennedy et al., 
1996; Head and Kennedy, 2008; Jones and Kennedy, 2009).  These differences in species 
sensitivity to PCB exposure make effect extrapolations very difficult, potentially 
contributing to difficulties in avian risk assessments. 
 Our domestic chick heart assay provides a novel approach for addressing the 
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limitations of the TEQ approach during PCB assessments in avian species.  In fact, there 
are several advantages for utilizing the domestic chick assay.  First, the domestic chicken 
is sensitive to PCB exposure compared to other bird species based on AhR activation 
(Kennedy et al., 1996).  By utilizing a sensitve avian model during critical life stages 
(embryonic development), this assay provides the most conservative assessment 
available.  Second, a major limitation of previous PCB assessments is that coplanar r 
“dioxin-like” PCB congeners were tested separately (Walker and Catron, 2000; Kopf and 
Walker, 2009).  However, it has been established that environmental PCB exposure 
occurs through mixtures of these PCB congeners.  Furthermore, mixtures from one site of 
contamination can differ dramatically from another site of contamination.  Our novel 
assay allows for testing of multiple environmental mixtures in a single study, which can 
aid damage assessors in accurately categorizing PCB damage in birdsand make 
comparisons between exposed environmental sites.  Finally, the cardiovascular system i  
one of the first systems to develop in the chick embryo and normal morphology and 
function is essential for survival in avian species (Kirby, 2007).  Through our novel heart 
assay, we have developed a way to identify abnormalities in cardiac development during 
very early embryonic stages (Hamburger and Hamilton, 1951).  Our assay provides a 
cost-effective, fast technique for determining PCB effects on critical systems in the 
developing embryo.  In summary, the development of this chick heart assay addresses 
key limitations of previous PCB assessments by utilizing a conservative model, allowing 
for mixture assessments and site-to-site comparisons, and incorporating novel scientific 
approaches that focus on cardiac abnormalities that could lead to decreased animal 
fitness. 
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 Additional sources of uncertainty in avian risk assessments of PCBs include route 
of exposure and variability between individuals.  In birds, most PCB exposures are 
dietary (Custer et al., 2010 a, b, c, and d).  Due to the bioaccumulative properties of 
PCBs, concentrations of PCBs in the diet vary considerably, with birds at higher trophic 
levels exposed to elevated concentrations of PCBs and higher proportions of biologically 
toxic congeners (Hoffman et al., 1995).  Moreover, variability between exposed 
individuals within a population also contributes to uncertainty.  Developing embryos 
exposed through maternal deposition of PCBs are exposed to unpredictable 
concentrations of PCBs and as discussed previously, concentration analyses determined 
mean concentrations to range from 721-62,200 ng/g in a single species of wild birds 
along the UHR (Secord et al., 1999).  Finally, PCB mixtures vary across exposure sites, 
making extrapolation between one environmentally contaminated location to another 
difficult (Frame et al., 1996; Rushneck et al., 2004).  The combination of the poor 
predictability of TEQs, uncertainty factors including variability of species sensitivity, 
differences in dietary concentrations, and inconsistencies of PCB mixtures between all 
contaminated sites make PCB risk assessments in avian species exceptionally 
challenging.  Our studies suggest a re-evaluation of current risk assessment methods 
regarding PCB exposures in avian species, as the limitations of current methods make 
risk assessment predictions that may be inaccurate or certainly inadequate for a thorough 
assessment. 
 
Adverse health effects and the Hudson River 
 The purpose of this dissertation was to assess potential effects of PCBs on 
cardiovascular development.  For each study, treatments with environmental relev nc  to 
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exposure concentrations and TEQs in wild birds along the upper Hudson River were 
selected.  The adverse cardiovascular effects and lethality shown through our studies
suggests additional remediation may be necessary to protect wild bird overall fitness.  
The UHR is already a Superfund site, as a result of PCB contamination from 1947 to 
1977 (TAMS et al., 1991).  The contamination spans the entire river, 200 miles of 
waterway, with the major concentration of PCBs located along 40 miles of the UHR, 
from Hudson Falls, to Federal Dam Troy in New York.  In 2002, the EPA issued a 
Record of Decision (ROD) requiring riverbed dredging of 40 miles along the Hudson 
River.  This remediation plan targets 2.65 million cubic yards of riverbed sediment to be 
removed.  The ROD created a phase approach to this remediation plan.  In 2009, Phase 1 
began with General Electric (GE) removing 283,000 cubic yards of sediment through 
dredging along six miles of the upper Hudson River near the Ford Edward plant in New 
York.  In 2011, Phase 2 began with a remediation plan to remove 2.4 million cubic yards 
of sediment from the remaining 40 miles of the UHR.  Phase 2 of this remediation plan 
was determined by a compilation of research data from avian, mammalian, aquatic, and 
amphibian studies.  These data, including the experiments conducted for this dissertation, 
were used to assist in the planning of the Hudson River Phase 2 remediation plan. 
 
Future directions 
 These studies conclusively demonstrated that exposure to an environmentally 
relevant PCB mixture resulted in a dose-dependent lethality in the domestic chick. 
Additionally, our data demonstrate that the estimated impact calculated using the TEQ 
does not accurately predict observed effects in avian species and therefore is insufficient 
to completely assess potential damage for compounds having endocrine disruption on 
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non-AhR effects.  PCBs convincingly affected the developing cardiovascular system in 
tree swallows and the domestic chick and reduced cardiomyocyte proliferation as early as 
embryonic stage HH16 (Hamburger and Hamilton, 1951).   
 Based on these data, our lab suggests that an alternative method for predicting 
adverse effects in avian species may be needed.  While TEQs have successfully been 
used for mammalian species, perhaps a reassessment of their usefulness is necessary 
based on the data collected in our lab.  PCBs are known carcinogens, and also inhibit 
normal function of the immune, endocrine, nervous, reproductive, and cardiovascular 
systems.  These data support the development of a new method for risk assessment 
predictions that incorporate previous knowledge of TEQs with assessment assays of 
affected systems, while accounting for known uncertainty factors in avian assessments. 
 Another avenue worthy of investigation is examining how PCB exposure affected 
the early domestic chick embryo.  Cardiomyocyte proliferation was severely r duced by 
PCB exposure.  Future studies may investigate if the reduced proliferation is affected by 
1) PCB action on essential proteins necessary for cellular proliferation, 2) indirect 
reduction of proliferation following PCB action on related systems during these critical 
stages of development or 3) upstream gene expression critical to cardiomyocyte 
proliferation is altered. Future studies identifying likely targets that directly or indirectly 
inhibit proliferation of the heart wall would potentially show an additional mechanism of 
action for these compounds.  Additional target pathways may lend themselves to creating 
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Fixation, Dehydration and Embedding of Large Heart Specimens 
(procedure modified from M.K. Walker, University of New Mexico) 
 
1. Dissect the heart and place in ice-cold 25 mM KCl until it stops beating.  Rinse 
thoroughly with 1x PBS.   
 
2. Immerse the specimen in a large (10x more than amount of tissue) volume of ice-
cold 10% neutral-buffered formalin. 
 
3. Allow tissue to fix overnight @ 4°C. The specimen should not remain in fixative 
for longer than 24 hrs. 
 
4. Pour off fixative.  Add a similar volume of 1x PBS for 30 min @ 4°C, 2x.  This is 
a wash step. 
 
5. Immerse the specimen in 5% sucrose overnight @ 4°C.  Ideally, this is an 
overnight procedure.  Do not exceed three days.  Enhancement step:  aids in 
penetration of embedding wax. 
 
6. Remove specimen and place in a labeled cassette immersed in 50% ETOH to be 
transferred to the dehydrator.  Dehydration step:  50%, 70%, 80% 95%, 100%, 
100% for 1 hr each.   
 
 7.  Immerse tissue in 1:1 HemoDe: EtOH mixture for 1x 30min at room temperature 
(HemoDe replaces xylene).  
 
8.  Immerse tissue in 100% HemoDe for 1x15min at 58°C (in oven). 
 
9. Immerse tissue in 1:1 HemoDe: paraplast for 1hr at 58 °C (in oven). 
 
10.  Immerse tissue in paraplast for 3x 30min at 58°C (in oven).   
 
11. Orient tissue in mold using a probe that has been heated w/ the Bunsen burner 
after filling mold with paraffin wax.  Mold can be placed in water bath on hotplate 
to prevent paraffin from solidifying.  Upon properly orienting specimens in 
molds, water bath can be lifted and dried at room temperature to prevent bubbles, 
joints, and cracks. Let paraffin solidify for 12 hrs prior to sectioning. 
 
 
  Note:  Steps 7-9 should not be lengthened as prolonged exposure of tissues to 








Recipes for Fixation, Dehydration, Embedding Solutions 
 
10x PBS 
1.  Mix the following in about 800 ml ddH2O: 
 
 80 g NaCl 
 2 g KCl anhydrous 
 2.4 g KH2PO4 
 26.8 g Na2HPO4@7H2O 
 
2.  pH to 7.4 
3.  q.s. to 1 L 
4.  autoclave and dilute to 1x as needed 
 
10% Neutral-buffered Formalin 
1.  For 1 L, mix the following: 
 800 ml of ddH2O 
 100 ml of 37% formaldehyde 
 100 ml of 10X PBS 
2. Chill before use to 4°C 
 
Paraplast:Xylene mixture 
1.  Melt solid wax in 250 ml beaker 
2.  Place 125 ml xylene in a second beaker and place in 58°C oven 





Hematoxylin and Eosin Staining for Morphology 
(procedure modified from M.K. Walker, University of New Mexico) 
 
1. Dewax slides in Hemo-De 3x3min, pour used solution back into bottle for reuse 
(~10x reuse). 
 
2. Rehydrate slides in 100%, 95%, 70% EtOH for 3min each, pour solution back 
into bottle for reuse (~10x reuse). 
 
3. Rehydrate in 1xPBS solution for 3min. 
 
4. Stain in Gill’s Hematoxylin (Fisher CS400-ID) for 2-5 seconds, pour used stain 
back into bottle for reuse. 
 
5. Rinse for 3 min in running tap water. 
 
6. Stain in 0.5% Eosin for 6min (Fisher E-511 Eosin Y; 2.5g in 500 ml 1xPBS.  
Autoclave.  Store in refrigerator 4°C). 
 
7. Rinse for 30 seconds in running tap water. 
 
8. Dehydrate in 70%, 100% EtOH for 30 seconds each, pour solution back into 
bottle for reuse. 
 
9. Place in Hemo-De solution for 3min; slides should be removed for coverslipping 
one at a time, as to prevent drying out. 
 
10. Coverslip w/ Cytoseal, removing slides one at a time. No air bubbles should be 
present under slide. 
 
 
Notes:  After using Hemo-De and EtOH ~10x, dispose of it and use fresh. 




WHOLE MOUNT Ventricular Myosin Heavy Chain  Immuno Protocol  
 (adapted from L.A. Taneyhill general procedure, University of Maryland) 
 
 
1. Embryo collection:  Place eggs on side, reinforce shell will packing tape.  
Withdraw 5-10 ml albumen using a needle and syringe.  Inject embryos with India 
ink to stage them under a microscope.  Embryos at the correct stage of 
development can be cut off of the yolk, scooped out of the egg and collected in 
Ringer’s solution on ice.  Using needles, trim embryos.  For HH16 and HH20 
hearts, dissect thoracic region under the microscope.  HH10 embryos can be fixed 
without dissection.  Rinse in 1x PBS prior to fixation on ice. 
 
2. Fixation:  Place embryos (no more than 5 per blacktop glass vial) in 2ml 4% 
FRESH PFA overnight at 4°C on shaker. 
 
3. Wash Step:  Wash with PTW (1xPBS + 0.1% Tween) for 10 min @ room 
temperature on shaker (Repeat 3x).    
 
4. Blocking Step:  10% heat treated sheep serum in PTW.  (1ml per vial total:  100 
µl HT sheep serum into 900 µl PTW) overnight at 4°C on shaker. 
 
5. Primary antibody Step:  Use 1:100 dilution of 1°ab into 5% heat-treated sheep 
serum in PTW solution.  (400µl per vial total:  20µl sheep serum into 360 µl
PTW.  Add 4µl 1°ab).   Place embryos overnight @ 4°C on shaker. 
 
6. Wash Step:  Rinse 4x 30 min in PTW at room temperature on shaker. 
 
7. Secondary antibody Step:  Use 1:200 dilution of 2°ab.  5µl goat-anti-mouse IgG1-
488 into 1ml 5% heat-treated sheep serum in PTW.  Place overnight at 4°C on 
shaker. 
 
8. Wash Step:  Rinse 4x 30 min in PTW at RT on shaker. 
 
9. Mount using premade whole mount slides with hearts oriented in the same 
direction for imaging.  Coverslip, image on inverted microscope. 
 
10.  Heart abnormalities identified in whole mount should be noted prior to 





WHOLE MOUNT Titin Immuno Protocol  
(procedure modified from Tokuyasu & Maher, 1987) 
 
1. Embryo collection:  Place eggs on side, reinforce shell will packing tape.  
Withdraw 5-10 ml albumen using a needle and syringe.  Inject embryos with India 
ink to stage them under a microscope.  Embryos at the correct stage of 
development can be cut off of the yolk, scooped out of the egg and collected in 
Ringer’s solution on ice.  Using needles, trim embryos.  For HH16 and HH20 
hearts, dissect thoracic region under the microscope.  HH10 embryos can be fixed 
without dissection.  Rinse in 1x PBS prior to fixation on ice. 
 
2. Fixation:  Place embryos (no more than 5 per blacktop glass vial) in 2ml 4% 
FRESH PFA overnight at 4°C on shaker. 
 
3. Wash Step:  Wash with 1x PBS for 15 min @ room temperature on shaker 
(Repeat 2x).    
 
4. Blocking Step:  Place embryos in 2 ml of 0.1% Triton in PBS-A (see recipe at the 
end of the protocol) overnight at 4°C on shaker. 
 
5. Enzyme Step:  make 2,000 U/ml Hyaluronidase in PBS-A. (6.67 mg 
hyaluronidase per ml of PBS-A.  Hyaluronidase used was 3,000 U/mg).  Place in 
solution for 30 min @ room temperature on shaker (time is CRITICAL). 
 
6. Wash Step:  Wash 3x in PBS-A for 10 min each. 
 
7. Primary antibody Step:  Use 1:50 dilution of 1°ab.  20µl titin in 980 µl PBS-A.  
Place embryos in it overnight @ 4°C on shaker. 
 
8. Wash Step:  Rinse 4x 30 min in PBS-A at RT on shaker. 
 
9. Secondary antibody Step:  Use 1:200 dilution of 2°ab.  5µl goat-anti-mouse IgM-
594 into 1ml PBS-A.  Place overnight at 4°C on shaker. 
 
10. Wash Step:  Rinse 4x 30 min in PBS-A at RT on shaker. 
 
 
RECIPE:  PBS-A (1xPBS, 0.02% azide, 0.01M glycine, 0.002% TritonX-100) 
To make 100 ml volume 
75mg glycine, 2.0 mg NaN3, 200 µl Triton X-100, 10 ml 10xPBS, 90 ml diH20 
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58 Congener PCB Mixture:  Proportion of Individual Congeners for Chicken 
Studies as concentrations and percentages. (Page 1 of 2). 
 
PCB congener 58 Congener Mix 58 Congener Mix 58 Congener Mix 
  [µg/ml]  [µg/g egg]  (%) 
28 817.600 0.0818 10.463 
31 236.000 0.0236 3.020 
41 39.960 0.0040 0.511 
42 15.900 0.0016 0.203 
43 36.320 0.0036 0.465 
47 288.400 0.0288 3.691 
48 188.100 0.0188 2.407 
49 316.400 0.0316 4.049 
52 402.000 0.0402 5.144 
56 115.600 0.0116 1.479 
59 3.950 0.0004 0.051 
60 115.200 0.0115 1.474 
64 135.600 0.0136 1.735 
66 733.200 0.0733 9.383 
70 290.300 0.0290 3.715 
71 32.280 0.0032 0.413 
74 536.800 0.0537 6.869 
75 16.040 0.0016 0.205 
77 8.000 0.0008 0.102 
81 4.008 0.0004 0.051 
85 138.800 0.0139 1.776 
87 96.360 0.0096 1.233 
89 12.000 0.0012 0.154 
92 68.270 0.0068 0.874 
95 47.960 0.0048 0.614 
97 51.680 0.0052 0.661 
99 318.700 0.0319 4.078 
101 399.600 0.0400 5.114 
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58 Congener PCB Mixture:  Proportion of Individual Congeners for Chicken 
Studies as concentrations and percentages. (Page 2 of 2). 
 
PCB congener 58 Congener Mix 58 Congener Mix 58 Congener Mix 
  [µg/ml]  [µg/g egg] (%) 
105 245.600 0.0246 3.143 
109 24.120 0.0024 0.309 
110 144.400 0.0144 1.848 
114 20.160 0.0020 0.258 
115 7.968 0.0008 0.102 
117 39.840 0.0040 0.510 
118 510.600 0.0511 6.534 
123 11.980 0.0012 0.153 
126 1.687 0.0002 0.022 
128 80.520 0.0081 1.030 
130 27.800 0.0028 0.356 
137 23.970 0.0024 0.307 
138 340.000 0.0340 4.351 
139 1.360 0.0001 0.017 
141 35.760 0.0036 0.458 
146 51.670 0.0052 0.661 
149 67.600 0.0068 0.865 
153 324.300 0.0324 4.150 
156 48.240 0.0048 0.617 
157 11.880 0.0012 0.152 
158 56.440 0.0056 0.722 
163 79.600 0.0080 1.019 
164 32.140 0.0032 0.411 
167 15.920 0.0016 0.204 
169 0.014 0.0000 0.000 
170 36.280 0.0036 0.464 
180 56.040 0.0056 0.717 
187 43.930 0.0044 0.562 
189 1.404 0.0001 0.018 
190 8.016 0.0008 0.103 
        







58 Congener PCB Mixture:  Calculated Toxic Equivalency (TEQ) based on World Health Organization (WHO) Avian Toxic 
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